
AO-A19' 491 SOUTHWEST RESEARCH INST SAN ANTONIO TX F/S 17/14
DELINEATION OF CONSTRAINTS IMPOSED BY PROPAGATION FACTORS AT HF--ETCCU)
APR 76 E C HAYDEN NO003975-C0481

UNCLASSIFIED NL



DELINEATION OF CONSTRAINTS IMPOSED
I BY PROPAGATION FACTORS AT HF

* ON JAMMING OF SHIPS COMMUNICATIONS

I by
E. C. Hoyden. Ph.D.

CIA FINAL TECHNICAL REPORT
r--q (Contract N00039-75-C-0481

r-eq Project 16-4312

Prepared for

* Department of the Navy

Naval Electronic Systems Command
Washington, DC 20360

3 April 1976

1 ~DJTRUBUTION STbEH

Atppuvwd loa public M~emel

3R SOUTHWEST RESEARCH INSTITUTE
11SAN ANTONIO CORPUS CHR13TI HOUSTON



PHOTOGRAPH THIS SHEET

LEVEL $OJEStRe~Ai: NVENTORY

Ir,, xcf -

DOCUMENT IDENTIFICATION

CLc*l £C.E6100 - ?S- C - *9

IDISTRIBUTION STATEMENT A
Approved for public releml

Distribution Unlimited

DISTRIBUTION STATEMENT

ACCESSION FOR
NTIS GSA

DATTAB DTIC
UNAMDOUNCEP ELECTE
JUSTICATION

_ __ _SEP226

DIffr AVAIL AND/OR SPECIAL DATE ACCESSIONED

erIC

Copy
DISTRIUTION STAMP 101SErED

82 09 21 036
DATE RECEIVED IN DTIC

PHOTOGRAPH THIS SHEET AND RETURN TO DTIC-DDA-2

DTIC FOM7ADOCUMENT PROCESSING SHEET

m~OCT 7_



SOUTHWEST RESEARCH INSTITUTE

Post Office Drawer 28510, 8500 Culebra Road

San Antonio, Texas 78284I

DELINEATION OF CONSTRAINTS IMPOSED
BY PROPAGATION FACTORS AT HF

I ON JAMMING OF SHIPS COMMUNICATIONS

I

by

I E. C. Hayden, Ph.D.

FINAL TECHNICAL REPORT

Contract N00039-75-C-0481
Project 16-4312

1
j Prepared for

Department of the Navy

Naval Electronic Systems Command

Washington, DC 20360

1April 1976

I
I . Approved: !

Douglas N. Travers

Vice President

I Electromagnetics Division



!
I

PREFACE

The motivation for preparation of this document has its origin in
frustration experienced in the planning and execution of jamming operations
at HF. A major generator of frustration is the complexity of the wave
propagation phenomena with which one must cope to maximize the prob-
ability of success in a venture. The purpose of this document is to enhance
the ability to cope. To that end, a systematic basis is presented for under-
standing and, ultimately, for estimating the impact of HF propagation
phenomena on the task of jamming signal delivery.

In the preparation of this document, it has been the intention of the
author to provide both some of the features of an instructive text and some
of the features of a design or operations handbook.

The functions of the textual material are twofold. One is to draw
together from theory and practice instructive material to illuminate the
character of wave propagation phenomena at HF and also to support the
handbook material. Chapters 2. 0 and 3. 0 are devoted to this function. The
other is to develop a formal statement of the jamming problem and to delin-
eate a systematic procedure for its solution. In that procedure, the signal
delivery function appears in explicit form, thereby giving guidance in appli-
cation of the handbook material, either to system design or operational
practice. This textual function is assigned to Chapter 1. 0.

The handbook material is separated from the text and assembled in
atlas form for convenient use. However, it is divided between Chapters 2. 0
and 3. 0 to afford close association with its supporting material. The function
of the handbook material is to provide, under one cover, quantitative data--
not otherwise easily accessible- -sufficient to support limited problem solving.
The author has attempted assiduously to format the handbook material so that
role or influence of the several parameters is made evident. That is not always
easy to do, especially for a quantity which is a function of five variables.

In Chapters 2. 0 and 3. 0, the salient features of transmission loss at
HF are presented. For the sky wave (Chapter 2. 0), the presentation is in
terms of a selection of realistic--if not real- -representative medium models.
The ground wave (Chapter 3. 0), being a simpler physical phenomenon and
having a stable nature, admits a more nearly direct mode of presentation
in terms of physical parameters.

Presentation of a complete technique for operational forecasting of
sky wave properties is not contemplated for this document. However, the
procedure used to produce the data which are presented in Chapter 2. 0 would
be amenable to expansion into a full forecast procedure. What would have to



added is the specific measurement, or forecast, of ionosphere morphology
for each stated time and place. In this respect, the handbook material of
Chapter 2. 0 does not constitute a complete cookbook for an operational
procedure. Some of the recipes are missing.

Operational application of the ground wave handbook material in
Chapter 3. 0 would require, at most, the addition of timely information on
sea surface temperature and salinity and on refractivity of the lower atmo-
sphere. As a matter of fact, it turns out that relatively little would be lost
by assigning fixed values to these parameters, representative of marine
conditions.

The problem of notation and nomenclature has been somewhat exas-
perating. Material has been drawn from a variety of sources, each of which
has its own conventions. For help in sorting out the inevitable ambiguities,
the attention of the reader is directed to the comprehensive Glossary of
Symbols and Subscripts which has been provided.

ii .



EXECUTIVE SUMMARY

t Motivation

The HF portion of the electromagnetic spectrum (2-32 MHz in this
discourse) provides channels for a variety of useful communications services.
The characteristics of communications systems in this range of frequencies
are adaptable to provision of services from large moving platforms. Under
favorable circumstances, terminal equipment requirements are modest and
ranges from line-of-sight to several thousands of kilometers are possible.

The practice of jamming communications services in the HF part of
the spectrum must cope with a complexity of wave propagation phenomena
not experienced at higher frequencies.

This document is designed to illuminate both the nature of the wave
propagation phenomena and their impact on planning and execution of a jam-
ming operation. Its purpose is to enhance the ability to cope. A systematic
basis is presented for understanding and, ultimately, for estimating the impact
of HF wave propagation phenomena on jamming signal delivery. In addition
to theoretical and explanatory material, handbook information is provided in
detail adequate to support an appreciable degree of problem solving.

Jamming

The function of communications jamming is to deny to the intended
consumer access to communication services. Usually, the action is directed
at a specific service, rendered at a specified time and place. Jamming of a
radio communication system disrupts service without the necessity for direct
physical intervention.

Jamming requires application onto a communication system of a
spurious signal load. The spurious jamming signal contends with the

T authentic communication signal. The intended function of the vpurious signal
may be either to obscure the presence of the authentic signal, to obscure the
meaning of the message carried by the authentic signal or to alter the meaning
of the message carried by the authentic signal.

Delivery

To be effective, the spurious signal load must be applied to a radio
comniunic-ation system at the point of reception of the authentic signal. Only
at this point is efficacious contention feasible. It is characteristic of jamming
ventures that the point of application of the jamming signal is rern-t* from

iii



I

the point of origin. At HF the distance may range from line-of-sight to

several hundreds, or even a few thousands, of kilometers.

Thus, a crucial function in any jamming operation is delivery of the

jamming signal from the point of its origin to the point of its application.

The vehicles for delivery are the mechanisms of radio wave propagation.

The delivered jamming signal must have strength adequate for effective

contention at expected levels of communication signal strength.

Attrition

In the delivery process, jamming signal power suffers attrition from

a number of agencies. Agencies having effective influence at HF include:

I) divergence of the wavefront as it recedes from the source,

2) diffraction of the wavefront past the bulge of the curved earth,

3) refractive re-direction of the wavefront,

4) dissipative absorption of power from the wave.

The agencies of attrition deend on the delivery mode. The degree of attrition

depends on the agency.

Capability to estimate the expected degree of jamming signal attrition
is necessary:

1) to determine whether a specific operation, or class of operations,
is inherently possible or impossible,

2) to estimate the required amount of a scarce, or limited, resource

(in this case, jamming signal power), i. e., to estimate the "cost"
of a venture.

The estimation of jamming signal attrition is the main thrust of this discourse.

Modes

In the HF spectral region there are two principal modes of wave propa-
gation by which jamming signal power can be delivered to a remote point.

*There also are questions of jamming signal conformation to be addressed.

They arise in optimizing jamming signal effectiveness and, hence, in mini-
mizing requirement for the scarce reso'irce. This topic is not treated here.

iv
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They are the sky wave and the ground wave. The characteristic properties
of the two modes differ greatly. Both modes are of importance and, in some
respects, they are complementary.

Of the two, only the sky wave offers the possibility of effective signal
delivery at ranges greater than a few hundreds of kilometers. By contrast,
the ground wave offers stability and total availability at ranges less than a
few hundreds of kilometers. * At intermediate ranges, the sky wave is sus-
ceptible to the lesser signal power attrition under best circumstances but its
availability is limited.

IThe ability to estimate signal attrition in the delivery process requires
understanding of the wave propagation mechanics supporting these two modes
and the capability to evaluate the physical factors which influence their prop-
erties.

j Sky Wave

The sky wave is dependent on the presence and properties of the earth's
ionized upper atmosphere- -the ionosphere. The ionosphere serves as a
refractive medium which, under favorable circumstances, can re-direct
an outward traveling wavefront toward the surface of the earth. The prop-
erties of the ionosphere are subject to both temporal and spatial variation.
Hence, this mode of signal delivery is subject to a widely varying degree of
attrition of signal power.

I The refractive capability of the ionosphere depends on the density of
the electron distribution and on the frequency of the wave. It increases as

I the electron density increases and decreases as the frequency increases.
I Thus, at times of high electron density and with waves of low frequency,

refractive capability is high. The potential then exists for signal delivery
at short ranges--even to zero range. When the electron density is too low,
or the frequency is too high, there is a lower limit to the range at which
signal delivery potential exists. Then, an excluded zone--the "skip' zone--
exists about the jamming source. This zone simply is not "illuminated" by
the source via the sky wave delivery mode. Beyond the skip contour, the
potential for signal delivery yet exists. If the frequency is much too high,
the wave is not re-directed toward the earth. In essence, the skip contour

recedes to infinity and the wavefront is lost in space.

Signal attrition in the sky wave mode arises from three of the four
agencies:

3 *The range is quite frequency dependent, decreasing as the frequency increases.
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1) divergence of the wavefront as it recedes from the source, [I
2) refractive re-direction of the wavefront,

3) dissipative absorption of power from the wave. 11
It is easier to discuss the first two together and to break the aggregate apart
in another way. i

The first piece of the aggregate is initial loss, attributable to the
radiative and receptive processes--the price of "going the first kilometer," 1
so to speak. It is a stable quantity, a function only of frequency, and it
ranges from about 38 dB at 2. 0 MHz to 63 dB at 32 MHz.

The second piece (to be added to the first) has been called divergence
loss. It depends only on the shape of ray trajectories between the jamming -1

signal source location and the point of application of the jamming signal to the
communications system. For one-hop ray trajectories, its normal range is
from about 46 dB at zero range to about 70 dB at 3000 km. Its value at any
particular range is subject to focusing and defocusing effects which depend
on the specific electron density distribution and the wave frequency. Diver-
gence loss is, thus, a time-varying function.

Loss by dissipative absorption of power from the wave is the real
shocker. It can vary from less than I dB to values approaching 400 dB.
It is a function of, at least:

1) solar zenith angle,

2) sunspot number,

3) electron gyrofrequency (proportional to the geomagnetic field
at about 100 km altitude),

4) wave frequency,

5) ray trajectory elevation angle.

High values of absorption are associated with

low values of solar zenith angle,

high values of sunspot number,

vi



low values of wave frequency (in the HF range),

I low values of ray trajectory elevation angle.

During daytime hours, it generally is absorption which limits signal delivery
capability in the lower portion of the HF range.

The probability of the existence of multiple time-varying ray paths
to the delivery point is high. When this condition exists, interference among
the multiple signals causes temporal and spatial signal fading patterns in the
neighborhood of the delivery point. The time scale of the fading is on the order
of a few seconds and the spatial scale is on the order of a few wavelengths.
From moment to moment the effectiveness of a jamming signal can be en-
hanced or diminished, depending on the state of combination of the multiple
rays.

The ionosphere is, above all, a part of the earth's atmosphere. It
is a dynamic compressible fluid medium. It exhibits phenomena analogous
to climate and weather. Its state is--as is weather- -forecastable with
limitations.

The temporal and spatial variability of the medium underscores the
necessity to have knowledge of its state, concurrent in time and place with
the scene of an operational venture. The ability to estimate signal power
attrition depends on such knowledge. The knowledge can be had from extra-
polation based on historical sequences of measurement, from concurrent
local measurement or from a combination of the two. The last is, almost
certainly, the most practicable.

Ground Wave

IThe ground wave is propagated past the bulge of the curved surface
of the earth by the mechanism of diffraction. This mechanism is aided slightly
by the small refractive effect of the lower (unionized) atmosphere. Propa-Igation is influenced by the physical electrical properties of the earth (con-
ductivity and permittivity), the refractivity profile of the atmosphere and the
wave frequency.

The physical electrical properties of the earth are stable. Though
the refractivity profile of the lower atmosphere generally is not stable, the
refractive index exceeds unity only by 300 to 400 parts per million. The effect
of the atmosphere at HF generally is minimal except near the limiting range.
The consequence is that the ground wave is a stable mechanism for signal

j delivery.
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Attrition of the ground wave signal is primarily attributable to three
of the four agencies:

1) divergence of the wavefront as it recedes from the source,

2) diffraction of the wavefront past the bulge of the curved earth,

3) dissipative absorption of power from the wave.

Dissipative attrition is a consequence of the finite conductivity of the earth
medium. Because, at HF, the conductivity of sea water is on the order of
500 times as great as that of land materials, the potential delivery range is
much greater in a marine environment than it is in a terrestrial environment.

In a marine environment, the potential range of signal delivery is
primarily a function of wave frequency. Because of the strong influence of
the earth as a boundary for the ground wave, the decrement of signal intensity
with distance is much less for a vertically polarized wave than for a hori-
zontally polarized wave. For transmission between two small vertically
polarized antennas, the range for a propagation loss of 10 dB* varies from
about 1000 km at 2 MHz to about 75 km at 32 MHz. For horizontally polarized
antennas 15 meters above the water, the corresponding range is about 20 km
at all frequencies in the range.

Application

The success of a communications jamming venture depends on the
capability to deliver the jamming signal to the point of communication signal
reception. Delivery must be accomplished on the wave frequency of the
communication signal and during the time interval in which it is present.
These two variables, frequency and time, are not under control of the jam-
ming agent. They therefor act as constraints on the jamming operation.

In a tactical sense the power available for a jamming signal is very
likely to be limited by the source equipment at hand. In a strategic sense,
limited latitude may exist within which the jamming agent can exercise
discretion over the amount of signal power resource to make available.
The source power limit, determined by either of these criteria, becomes
a third constraint on the jamming operation.

Given the three constraints, two steps in the decision procedure are
yet at the discretion of the jamming agent:

*This corresponds to a received signal level of L0 pV in I00o (I picowatt)
per watt radiated.
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1. From the points of origin for the jamming signal available
to the agent, select the one at which the probability of
success is greatest.

2. On the basis of an estimate of probability of success, weighed
against a criterion of operational value, decide to execute, ortto not execute, the operation.

Whatever the scenario in the context of which these two steps must be carried
out, the capability to estimate the degree of signal attrition in delivery is
essential.

In a tactical scenario, the jamming agent may have little--or no--
discretional latitude about point of origin. If so, emphasis will be on the
second of these steps. Nevertheless, an estimate of probability of success
is needed, both to support the last step and, if the decision in that step is

'go,' to provide a basis for assessing the reliance to place on success of
the operation. The basis for making these judgments is, fundamentally, the
estimate of jamming signal attrition.

In a strategic scenario, the accent is on the first of the above steps,
rather than the second. The task is to specify a suitable array of points of
origin as a resource to be made available to the tactician. Again, the basis
for judgment is the estimate of jamming signal attrition.

Conclusion

The point to the discussion above is that, whatever the scenario in
the context of which a jamming operation is contemplated, provision is
required for estimating signal attrition as the fundamental basis for assess-
ment of the probability--or the possibility--of success.

In the HF spectral region that task is not trivial if any reliance is to
be placed on the sky wave mode. The situation is not the counterpart of that
at higher frequencies in which the procedure is simply to set a fixed maxi-
mum operational jamming range. There are too many possibilities at HF
for occurrence of the "you can't get there from here' syndrome. The diurnal
variation of absorption, alone, precludes the simple procedural approach.

If reliance is to be limited to the ground wave only, operational range
between points of origin and delivery will be restricted, especially in the
upper part of the HF band.

JIn a strategic scenario the signal loss estimation procedure is best
based on a historical data base of information about temporal and spatial

j ix
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properties of the ionosphere. Indeed, it must necessarily be so since real
data are not available in advance.

In the context of a tactical scenario, initial reliance can well be placed
on a historical data base for signal loss estimation. At least, a procedure so
based certainly is better than going blind. At best, it offers a basis for judg-
ment about best use of whatever latitude is available in point of origin. It
might, for example, provide guidance for a get-in-position maneuver.

Final reliance, in a tactical scenario, is best placed on data acquired
concurrently in time and place with the operation. This is especially impor-
tant under marginal conditions. An example is delivery of a jamming signal
to a point near the skip contour. The acquisition of such data from a ship plat-
form is technologically feasible and, in fact, is not greatly more complex than
HF communications practice.

;1
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GLOSSARY OF SYMBOLS AND SUBSCRIPTS

When material has been drawn from as many divergent sources as
has that forming the basis for this document, conflicts in notation and nomen-
clature are inevitable. An author then is faced with a dilemma between (a)
minimizing immediate confusion by developing an internally self-consistent
and unambiguous notation and nomenclature, and (b) maintaining continuity
in the ties to the basic sources by retaining notation and nomenclature used
therein. In the main, the latter policy has been adopted. This document
builds on those sources as external foundation, rather than absorbing them
as internal structure. Changes have been made where necessary to avoid
confusion within single expressions or topics. This glossary is provided to
assist in sorting out the remaining ambiguities.

Certain quantities (e.g., loss, gain, attenuation) are variously expressed
both in terms of basic electrical units (e. g., power or power ratio) and in
decibel units. For use in this document the practice has been adopted of
using upper case symbols to signify the quantities expressed in basic elec-
trical units and the corresponding lower case symbols to signify the same
quantities expressed in decible units. This is contrary to practice in some
areas of the literature and the reader should herewith be forewarned. How-
ever, it leads to better accord with preferred or recommended practice for
symbolizing a number of the common electrical quantities. At this point it
seems better to buck the former stream than to transgress the latter barrier.

Whenever multiple meanings are assigned to a symbol in the glossary,
the one appropriate in a specific instance should be clear from the context in
which the symbol is found. To determine the specific meaning of a subscripted
symbol, first find the generic meaning of the basic symbol in the proper listj(Roman or Greek), then find the specialization denoted by the subscript in
the subscript list.

Units of all physical quantities are given in the rationalized MKSAI system, with temperature in degrees Celsius (0 C). Unless otherwise
specifically indicated (e.g., by a subscript such as "kw" or "kmi" or by a
qualifying notation with an equation), the basic unit, rather than a multiple
or submultiple, is implied.

I
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SYMBOLS

Entity Unit
Symbol Entity Symbolized Symbol

Roman Symbols
2

A Absorption aperture (of an antenna) m

A Amplitude of a complex exponential wave function -

2
A Area 

m

A Attenuation factor (loss ratio form)

A Total absorption np
2

AA Area increment (of a magnetic dipole) m

a Attenuation factor (decibel form) dB

a Radius of the earth: 6370 * 103 m

B Magnetic, geomagnetic, flux density Wbm- 2 , T
Geomagnetic flux density in tables (CGS units) r (gauss)

-1
C Curvature, magnitude of curvature vector mr

~-I
Curvature vector m

-I

AC Curvature difference or increment m

c Velocity of light: 299. 7925 * 106 ms-1

D A region of the ionosphere below about 90 km

D Distance: specifically, ground range
or ground range equivalent m

AD Increment of ground range m

E A reginn of the ionosphere between abuut 90
and 140 km

E Electric field strength Vm "1  i
Electronic charge: 1.60210 * 10- 1 9  C

xviii
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Entity Unit
Symbol Entity Symbolized Symbol

elm Electronic charge to mass ratio: 1. 758796 * 10 Ckg 1

F A region of the ionosphere above about 140 km

FI A region of the ionosphere between about 140
and 200 km (a subdivision of F)

F2 A region of the ionosphere above about 200 km
(a subdivision of F)

- f Cycle frequency: f = '/2wr Hz, s

G Gain of an antenna (power density ratio form) -

g Gain of an antenna (decibel form) dB

H Magnetic, geomagnetic, field intensity Am- 1

H Scale height in Chapman functions m

h Height above the surface of the earth m

Ah Height increment of one kilometer km

I Absorption index (not same as X: see 2.3.5) -

J j Square root of (-1)

K Loss factor (aec 2. 3.5)

k Propagation constant: k = 2w/A m-1

L Length m

6L Length increment (of an electric dipole) m

M Diole moment: electric Am
I magnetic Am 2

m Electronic mass: 9. 1091 * 10 - 31 kg
| -3

N Electron density of the ionosphere m

I



Entity Unit

Symbol Entity Symbolized Symbol

N Refractivity of the atmosphere

AN Refractivity increment in one kilometer

n Complex index of refraction: n 2 = {1 - j)) 2

n Index of refraction, unspecialized (Ch. 2)

n Refractive index of the atmosphere (Ch. 3)

P Power W

p Power (decibel form) dB

q Electron production coefficient in Chapman -3 -1
functions m s

R Complex polarization ratio

R Distance, radial, from a source m

R Resistance, radiation resistance 0

R12 12-month running average sunspot number -

r Radial distance from center of earth:
magnitude of position vector m

r Radial distance, spherical coordinate system m

S Salinity (parts per thousand) 0/00

S Magnitude of poynting vector; power density flux Wm

S Poynting vector Wm

s Distance along ray trajectory m

T Cycle period of wave: T = 1/f s i

T Temperature 0C

t Time variable s
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I Entity Unit
Symbol Entity Symbolized Symbol

I u Velocity of an electron ms"

j v Phase velocity of a wave ms-I

X Plasma frequency variable: X = w2 /w2

x Distance in wave function m

J x Normalized height variable in Chapman functions

Y Gyrofrequency variable: Y = wH/W

Z Collision frequency variable: Z = v/

z Normalized height variable in Chapman functions -

Greek Symbols

a Angle of ray trajectory relative to wavefront -

a Earth radius ratio: a = ae/a

a Electron recombination coefficient in a-Chapman
function m 3 s-

pElectron attachment coefficient in p-Chapman
function

Elevation angle at ray trajectory ends

Local elevation angle of ray path

I 1 Increment of elevation angle

T Loss (power ratio form)

1 Loss (decibel form) dB

I A Increment of entity whose symbol follows

a Partial differential

Permittivity, absolute, of a medium (Ch. 2) Fm - I

I xxi
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Entity Unit

Symbol Entity Symbolized Symbol

4E Permittivity, relative, of a medium (Ch. 3)

4E Permittivity, absolute, of a medium (Ch. 3) Fm

Permittivity, absolute, of free space:

8.8542 -',c 10- 1 2 = 1/(36T * 109) Fm -

Er Permittivity, relative, of a medium (Ch. 2)

11 Characteristic impedance of free space: 120Tr

0 Angle measured from dipole axis

0 Angle of wavefront normal relative to steady

magnetic field (geomagnetic field)

0 Polar angle, spherical coordinate system

K Absorption coefficient np m

X Wavelength m

X-1 Wave number 
m-1

Index of refraction: n 2 =(j - jX) 2

Permeability, absolute, of a medium (Ch. 2) Hm °1

0 Permeability, absolute, of free space (Ch. 2):
4r -- 10-7 Hm- 1

Permeability, relative, of a medium (Ch. 2)

-1

v Electron collision (radian) frequency s

rr 1. 14159 26536

p Radius of curvature m

Summation operator, with index, i.

T Conductivity mho m-1
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I Entity Unit
Symbol Entity Symbolized Symbol

4) Angle of ray incidence at 100 km height level -

4) Angle of ray incidence on plane stratified ionosphere -

Angle of ray trajectory relative to position vector, r -

4) Azimuth angle, spherical coordinate system -

4) Semi- apex angle of virtual ray trajectory -

,no Increment of azimuth angle

X Index of absorption: n 2 : -jX) 2

X Solar zenith angle

a Radian frequency: p: 2on f s "1

SUBSCRIPTS

Subscr.

Symbol Subscript Signification

a Absorption (with 17, -)

b Basic, free-space (with r, y)

d Divergence (with r, y)

J :I Of an elemental dipole (with G,g,A)

, d From or by an elemental dipole (with P, p)

,d Relative to an elemental dipole (with G, g)

I E Electric dipole (with radiation resistance)

i e Effective, modified (with a-earth radius)

eq Equivalen,. (with f)

I
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Subscr.
Symbol Subscript Signification

H Total gyrofrequency (with w, f)

h Hearability (with F, -y)

i Initial (with l,-y)

i Summation index

,i Relative to an isotropic element (with G,g)

km Kilometer units

kW Kilowatt units

L Longitudinal component (with H, B, Y)

L Longitudinal gyrofrequency (with w,f)

M Magnetic dipole (with radiation resistance)

m Absolute, of a medium (wiLh E: alters units)

m Position of maximum, x 1 0 (with h)

m Value of maximum, X 0 (with N,q)

N Plasma frequency (wiLh w,f)

o Absolute, of free spz.ce (with Ep : alters units)

o Critical value (with f,w , )

o Free space case (with k, X)

o Position of maximum, X = 0 (with h)

0 Sea level value (with N-refractivity)

o Value of maximum, X 0 (with N-electron density, q)

oa Overall, total (with fy) V..'

xxiv

_____________________________________________



I
Subscr.

Symbol Subscript Signification

ph Path (with r, Y, G, g)

pn Propagation (with ry)

r Real height (with h)

r Received, available, absorbed (with P,p)

r Receiver terminal, receiving antenna (with h)

r Relative, of a medium (with E, : alters units)

r Trajectory angle relative to position vector (with ()

s Source (with P,p)

s Surface value (with N-refractivity)

T Transverse component (with H, B, Y)

T Transverse gyrofrequency (with w,f)

t Transmitted, radiated, emitted (with P,p)

t Transmitter terminal, transmitting antenna (with h)

tn Transmission (with F,y)

tt Transmitting terminal (with r,y)

v Virtual height (with h)

wm Weighted mean

x Unspecified function (with G, g)

I Initial point, state, case

2 Final point, state, case

+ Ambiguous sign selection (with R)

- Ambiguous sign selection (with R)

xxvI'



1

1.0 COMMUNICATIONS JAMMING AT HFI
Jamming is a tactic used to disrupt the performance of a mechanism

or system. It is characterized by the deliberate application of a spurious
load which inhibits function.

The jamming load need not necessarily cause physical destruction of
system mechanism -- though such may occur, either inadvertently or
advertently. Thus, a printing press might be jammed destructively by inser-
tion of a monkey wrench. A sewage disposal system might be jammed non-
destructively by introduction of a large wad of paper. An electric power dis-
tribution system might be jamme d - - either destructively or nondestructively,
depending on the reaction of protective devices -- by application of a short-
circuit load. It is worth noting that the degree to which system function is
inhibited may depend on the point of application of the spurious load, as well
as on the properties of the load.

In the context of this discourse, the systems of concern are radio
communication systems, especially those operating between ships or between
ship and land. More specifically, attention is to be focused on radio communi-
cation systems operating in the HF portion of the radio spectrum, at frequencies
ranging from approximately 2-32 MHz.

1I
I
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1. 1 FORMULATION OF THE PROBLEM

The salient feature of communication systems at HF is the possibility
that signal power may be propagated via the earth's ionosphere, as well as
along the surface of the earth.

Propagation along the surface of the earth at HF is similar in character
to that which occurE at higher frequencies. However, because the wavelength
is longer at HF than at higher frequencies, the wave dies out more slowly as
it is propagated past the bulge of the curved earth. Over land, waves propa-
gated in this mode die out very rapidly because of the lossy property of the
earth. Over sea water, because of its high conductivity, the possibility exists
that communication can be effected over a few hundreds of kilometers in the
lower HF range.

Wave propagation via the earth's ionosphere has no counterpart at
frequencies above the HF range. It is a striking phenomenon which, under
favorable circumstances, affords communication over a very wide range
of distance, from zero to several thousands of kilometers. The power
attrition in this mode of propagation has wide variability. Even between a
fixed pair of terminal points, loss may range from an amount somewhat
less than the corresponding free space loss to a few hundreds of decibels.

Formulation of the jamming- -or for that matter, the corn, -uni-
cations- -problem at HF must take into account this striking mechanism for
signal delivery.

1. 1. 1 Background

It will be convenient to establish a frame of reference in terms of
which the detailed discussion is given context and proportion. Such is the
intent of this subsection.

Objective: Deny Access

The objective of communications jamming (henceforth just "jamming")
is to deny to the intended consumer access to specific radio communication
services. In various situations, the goal may be either to render the presence
of the signal undetectable or to render the original information content unin-
telligible.

2 . . ,r
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Principle: Spurious Signal

I In communications jamming, the spurious load applied to the system
is alternative signal power -- a spurious signal. Evidently the spurious
signal power must ultimately be delivered to the expected point of communi-
cation signal intercept or reception, not to the point of emission or trans-
mission. Only at the former location is the spurious load effectively applied
to the system.

The spurious signal--the jamming signal--may be designed either
to obscure the communication signal energy--to overwhelm it--or to
confound the signification of the message carried by the communication
signal. The intended message may pass unobserved, may be rendered
meaningless, or may acquire an altered meaning.

Mechanism: Signal Delivery

The intent of a jamming operation may be to disrupt communications
to a discrete signal intercept point or throughout a signal intercept area.
If an area, it may be selected to include multiple discrete points or points
of unknown or moving location. In any event, it is characteristic of the
problem that the point of application of the jamming signal is remote--
physically inaccessible- -from the jammer.

Delivery of the jamming signal to the communication signal inter-
cept area is a crucial function in any jamming operation. At HF it is a
task of uncommon complexity. It is on this function that the thrust of this
discourse is focused.

Delivery of a jamming signal to an intercept point or area is accom-
plished by invoking an appropriate wave propagation mechanism. Invariably,
the mechanism selected will impose constraints-6xn the positional relation-
ship--e. g., 4istance and direction- -between the receptor to be jammed and
the jamming emitter. There exist conditions under which jamming is pre-
cluded by the positional situation. These present a sort of "you can't get
there from here" dilemma. At HF these constraints are a bit unusual.

1It is worth noting that ability to jam a receptor on a given frequency
implies, at least, ability to communicate to the receptor location on that
same frequency at that same time. This is an important concept, obvious

Sas it may seem. The fact that a communication signal directed to a remote
receptor can be heard at the jamming emitter location gives no positive
assurance that the intended receptor of that signal can be jammed from thej jamming emitter location.

13
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Optimization: Pseudo Message

As implied in the preceding discussion, the jamming power delivered
to the communication signal intercept location is, itself, a signal. It may
be--in fact, generally is--carrying -information," a pseudo message.
Its effectiveness in jamming the receptor is a function not only of its inten-
sity but also of the character of its pseudo message. Thus, synthesis of a
configuration for the jamming signal, including both the character of the
pseudo message and the method of its application to the jamming signal
carrier, is a topic of significant importance.

The intent of such a signal synthesis procedure is to define an opti-
mum signal configuration. At this level of the optimization process, opti-
mability--or, perhaps, sub-optimability--may be defined as the best
use of power, 'best" in the sense of exhibiting the maximum jamming
effectiveness for a given expenditure of signal power. The optimum con-
figuration for the jamming signal is a function of the configuration of the
communication signal with which it is expected to contend.

On another level of the optimization process, optimability may be
defined as that state in the tradeoff between jamming effectiveness and
signal power which exhibits a probability, considered acceptable for the
purpose, that the jamming objective will be met. This state is equivalent
to the minimum of an appropriate cost/benefit function.

Specialization: Unique Factors

The behavior of radio systems operating in the HF portion of the
electromagnetic spectrum is characterized by some unique properties.
These properties are related to the properties of the medium--the
ionosphere- -which supports one of the mechanisms for signal delivery.
The ionosphere is, above all, a portion of the earth's atmosphere. Its
morphology is subject to variations in production by incident solar radia-
tion on diurnal, seasonal and solar cyclic time scales, and to perturbation
through redistribution by atmospheric motion. Within limits, morphology
is forecastable, as is climate and weather. However, the degree of varia-
bility with geographic location, with phase of the controlling cyclic factors
and from cycle to cycle of these factors, is great, as is that of climate
and weather.

The gradual decrease of signal intensity with distance characteristic
of VHF, UHF, and microwave signals is a familiar phenomenon with which
one easily becomes comfortable. The situation is not so simple at HF.

4
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I Following an initial rapid decrease of intensity with distance, like that at

higher frequencies, HF signals often exhibit a sudden, very large, increase
in intensity. This is not a random but a regular--though not universal--
phenomenon; it is called "skip." It is further discussed at a subsequent

I point under the topic of "hearability. " This phenomenon materially compli-
cates the task of delineating the constraints on position of the jammingJemitter relative to the communications receptor.

1.. Scope

The number of factor combinations which can arise in postulating a
jamming operation at HF is large. Thus, the number of situations which
might, reasonably, be expected to require analysis is likewise large. It
is unrealistic to expect simplistic universal solutions. The problem of
designing or operating an HF communications jamming system can be re-
duced to manageable proportions by delineation of specific limited scenarios
for which coverage is required.

The subject of communications jamming embraces a spectrum of
disciplinary material which has substantial breadth. For the prupose of
this discourse, attention is to be confined to a certain sub-field, taken
from the total context, which is suggested by the document title.

The task of this subsection is to delineate the fundamental scenariosj to be treated and the topical coverage which is intended.

Fundamental Scenarios

IIn the scenarios to be discussed, point coverage will be postulated.
This may seem a restrictive condition, but is is amenable to easy relaxa-
tion at a later stage of the discussion.

Two fundamental scenarios will be postulated as the basis for signal
delivery analysis. The first is jamming at a receptor point located on a
ship at sea from an emitter point also located on a ship at sea. The dis-
tance between the ships would be limited to a few hundreds of kilometers,
and the intervening surface would be restricted to seawater. The second
scenario is jamming at a receptor point located on land from an emitter
point located on a ship at sea. The limit on distance between the points

I vwould be greater--by, perhaps, an order of magnitude--than that in
the first scenario. The location of the point on land would be in the interior,
not adjacent to the shore.I

I
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Scenario Elaboration

Analyses based on these two scenarios have a wider range of potential
application than might be anticipated fro-n their descriptions.

The first scenario is characterized by the probability that jamming
signal delivery to the receptor point can be effected by the surface wave
mode and b, the possibility that delivery by the sky wave mode may be pre-
cluded by tIe skip phenomenon.

The second is characterized by positive exclusion of the possibility
of delivery by the surface wave mode and by the possibility that delivery

can be effected by the sky wave mode.

Thus, one scenario emphasizes signal delivery by ground wave and
the other by sky wave. Note that the ground wave mode of propagation is
ionosphere independent, while the sky wave mode is ionosphere dependent.

Two such scenarios are suggested in Figure 1-1. From Ship A,
which is a jamming emitter platform, it is required to interdict communi-
cation signals shown incident on Ship C from an unspecified point of origin.
Such signals may also be imagined to be incident on Ship B. Two possible
modes of jamming signal delivery are portrayed, the ground wave and the
sky wave. The sky wave is shown being reflected from the E and F regions
of the ionosphere, unless launched at an elevation angle so high that com-
plete penetration occurs. The role of the D region at HF is absorption of
signal power, rather than reflection.

For delivery to Ship C, the sky wave is shown as a probability but--
because of distance--the ground wave is shown as only a bare possibility.
For deli'e.-y to Ship B, the ground wave is shown as a probability but the
sky wave a i an impossibility because of the skip phenomenon which can
occur on icnospherically propagated signals.

The two fundamental scenarios may, thus, be superposed on other
situations in which the same characteristic probabilities are exhibited.
For example, the ship-to-ship scenario can be superposed on a ship-to-
shore situation in which the sea surface is in the immediate foreground
(within a few meters) of the shore point. The ship-to-land (interior)
scenario can be superposed on a ship-to-ship situation in which the
separation distance is large enough to ensure extinction of the ground
wave, despite the high conductivity of sea water, or in which a substantial
part of the intervening surface is land.*

:'This comprises the so-called ''mixed path" situation, which is diffi-

cult to treat mathematically.
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In all situations the roles of the two points can be interchanged by
invoking the appropriate reciprocity principles.

In the descriptions of the scenarios, point coverage was postulated.
This is, fundamentally, the kind of result which calculation procedures pro-
duce. Field intensity or loss is determined on a point-to-point basis, and
is a function of the relative locations of the points. However, antenna
directivity at the jamming emitter will, in practice, be limited. Thus, a
degree of area coverage is inevitable; in fact, it may be difficult to avoid
coverage of a large area. Performance throughout any portion of such a
coverage area can be evaluated by repeated exercise of the appropriate
point analysis.

Thus, judiciously applied, the analyses of the two fundamental
scenarios can be made to cover a large portion of the situations likely
to be encc-untered by a shipboard jamming platform.

Topical Coverage

The specific technical topics to be treated are, generally, those
which are related to delivery of the jamming signal to the communications
signal intercept point. Topics specifically included are evaluation of trans-
mission loss in the selected scenarios and the effect of antenna properties
on delivered signal intensity. Topics specifically excluded are synthesis
of optimal signal configurations and the estimation of the jamming signal
power requirement.

It may seem strange to exclude the latter topic (power requirement)
from a study of signal delivery mechanisms. The reason is that the power
requirement depends on additional factors, namely: (a) the expected
strength of the communication signal, (b) the required ratio of jamming
to communication signal intensity (this latter is a measure of jamming
effectiveness). When these additional factors are stated, estimation of
the jamming signal power requirement is straightforward and simple.

The signal synthesis topic is logically separable from the signal
delivery topic. It draws on a group of disciplines which differs from
that on which delivery analysis is based. In the main, the effects are
calculable independently. Other sources should be consulted for infor-
mation on this topic. In lieu of specific information, one might--for
discussion purposes- -postulate a pseudo message which is random-noise-
like and specify a required ratio of jamming noise power to communication
signal power.

8
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1. 1. Solution

IThe communications jamming problem at HF has, so far, been
delineated in a general broad-brush way. A prerequisite to formulation
of a solution procedure is formulation of a specific question, the answer
to which is identified as the required solution. In this instance it will be
instructive to pose the question in two forms which are subtly, but signi-
ficantly, different. One may be called the strategic form and the other
the tactical form.

Strategic Form

Given a range of jamming scenarios for which coverage is required
or desired:

(a) What sub-range of the range, if any, is excluded by virtue of
requiring a sensibly infinite resource?

(b) Within the not-excluded sub-range, if any, what level of
resource is required to assure (ie, to give acceptable proba-
bility of ) success?

It is in this form that the question might be posed by a strategist,
requirement specifier, or systems designer. The essence of the question
is, "Within the sub-range of the physically possible, what is the cost of
the operation which I must, or wish to, execute?"

Tactical Form

Given a constraint on resources with which to conduct an operation:

(a) What sub-range of the range of possible scenarios, if any,
is precluded by the constraint?

(b) Within the not-precluded sub-range, if any, what level of
resource is required to assure (ie, to give acceptable prob-
ability of) success?

IA tactician, mission manager or system operator would be likely
to pose the question in this form. Formulated thus, the essence of the
question is, "With the resource at hand, what is the sub-range of opera-
tions for which the probability of success is acceptable? " or "With the
resource at hand, is the probability of success of this specific operation

I acceptable?"

ii 9
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Common Element

The "not-excluded" and 'not-precluded" scenario sub-ranges for
the two questions are not congruent. That for the strategic form is

scenario limited, but not specifically resource limited. By contrast,
that for the tactical question is resource limited but not specifically
scenario limited.

In the scenario-limited case, the locus to be determined in scenario
space is the boundary between the sensibly impossible and the possible.
On the "possible" side of the boundary, the required level of resource must
be estimated. In the resource-limited case the locus to be determined in
scenario space is the boundary between the impracticable and the practi-
cable. On the "practicable" side of the boundary, estimation of the re-
quired level of resource may be of value.

Though the questions are not identical, there is a common element
to the classification of points in the scenario space. It is the level of
resource required. The difference between the cases is, simply, that
resource level to which the specification "critical" is assigned. In both
cases a quantitative estimate of resource requirement is essential. Indeed,
a solution procedure can be constructed about an iterative estimation of the
resource requirement property.

Solution Procedure

The critical resource to be considered in this analysis is jamming
signal power. Formulation of a solution procedure comprises specifica-
tion of a definitive sequence of steps--an algorithm--by which the required
level of jamming signal power can be estimated. A suitable sequence is
the following:

(1) Specify parameters of scenario.

(a) State operating frequency of communication signal to
be jammed.

(b) State class of communication message to be interdicted.

(c) State time at which operation is to be conducted.

(d) Determine jamming signal delivery path (distance,
direction, geographic location).

10
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(2) Assess potential signal delivery mechanisms.

(a) Estimate path:- or propagation,." loss on delivery path.

(b) Estimate influence of antenna characteristics on loss.

(c) Estimate transmission* loss on delivery path.

I (d) Estimate transmitting terminal* loss.

(e) Estimate total:' or overall; loss.

(3) Optimize jamming signal configuration.

(a) Specify jamming signal pseudo message appropriate to
communication signal message class.

(b) Specify method of application of pseudo message to

jamming signal carrier.

(c) Specify required jamming/communication signal
intensity ratio.

(4) Estimate jamming signal source power requirement.

(a) Estimate communication signal intensity.

(b) Apply specified jamming/communication signal inten-

sity ratio.

(c) Apply total loss estimate.

(d) Calculate estimated jamming signal source power
requirement.

(5) Determine solution status.

(a) Specify ''critical" power 1, vel(e.g.,"sensibly infinite" or
"'resource limit value'').

*These loss terms will be given precise definitions at a later stage in

the discourse.
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(b) Compare estimated power requirement to assigned
critical value.

(c) If the estimated power requirement exceeds the critical
value, declare the case "excluded ' or "precluded.'

(d) If the estimated power requirement does not exceed the
critical value, declare the case 'not-excluded" or
"not-precluded."

Note: If, rather than a single case, a sub-range boundary locus is
to be defined, repeat the algorithm for additional scenarios
until adequate locus definition is achieved.

The principal subject for this document, as its title suggests, is
Step 2 of the solution algorithm. Section 1. 2 of this chapter will be devoted
to definition of the necessary signal power attrition concepts. The remaining
two chapters will be devoted to exposition of methods for quantitative evalua-
tion of power attrition in the two applicable mechanisms for signal delivery,
the sky wave (Chapter 2.0), and the ground wave (Chapter 3.0).

12



1.2 ESTIMATION OF POWER ATTRITION

As the jamming signal proceeds from its source to the point of
its application to the communication system, each mechanism along the
way exacts a toll in power. Each of the several toll-exacting agencies
must be identified, and the amount of its exaction must be evaluated or
estimated. The function of this section is to make a gross identification
of some toll-exacting agencies and to state the rules by which the tolls
are to be determined.

1.2.1 Loss Definitions

Loss is defined to be the ratio of the power input to a transmission
process, P1 , to the power available at the output of the process, P2. The
general symbol which will be used for loss is r. Thus,

I P /P 1-la

It is often convenient to express loss in decibel form, rather than power
ratio form. For loss so expressed the symbol y will be used. Thus,

= 10 Log F = 10 Log (P 1 /P 2 )

= 10 Log P1 - 10 Log P 2

or

= P1 - P2  1-lb

Loss attributable to a specific agency or mechanism will be identified by a
subscript on the generic loss symbol, e.g., rtn or Ytn for "transmission"
loss. A glossary of symbols and subscripts is given in the front of the
document.

In describing the transmission of power from one point to another
by means of radio waves, the concept of "transmission loss" often is a
convenient fiction. Transmission loss, Ftn, is defined to be the ratio of
power radiated from the transmitting antenna, Pt, to power available
from the receiving antenna, Pro considering the latter to be lossless.

Stn Pt/Pr - Za

13

_!_



In decibel form,

10 Log r = 10 Log Pt -10 Log P

or,

tr = Pt - Pr 
I-2b

Thus, transmission loss includes the effects of the directive gains of
antennas at both ends of the path. It excludes the efficiencies of both

antennas and of the transmission facilities connecting the antennas to
the terminal gear at both ends of the path.

Transmission loss is termed a "fiction' because it is not amenable
to direct measurement, apart from the coordinated determination of effi-
ciency of the terminal transmission facilities. Though it does include the
antenna gains, it is not dependent on the specific means by which the gains
are realized. Thus, apart from the directive gain values, transmission
loss separates that system property which is a function of time and path
location from the properties peculiar to the transmitting and receiving
terminal facilities. This separation is convenient both in computation and
in application of the loss data.

A ''transmitting terminal'' loss, rtt, can be defined as the ratio of
power, Ps, delive:ed by the source to the transmitting terminal trans-

mission facilities to power, Pt, radiated from the transmitting antenna.

rtt = Ps/Pt 1-3a

In decibel form,

Ytt = Ps - Pt 1-3b

For this discussion it is not necessary to define a similar loss at
the receiving terminal of the path. Only the ratio of available jamming
signal power to available communication signal power will be of interest
at the receiving end of the path. Both of these signals would experience
the same receiving terminal transmission facility loss. Thus, it suffices
to define these power levels withou. accounting for the terminal facility loss. *

This is in accord with the definition of transmission loss.

:'This would not be sufficient for a determination of receiving system sensi- .

tivity, but it does suffice for a determination of jamming susceptibility.

14



The total, or "overall," power loss, Foa, can be defined, then, as
the product of transmitting terminal loss and transmission loss.*

r :'*-" 1-4a
oa tt tn

In decibel form,

oa Y tt + tn 1-4b

Sometimes it is convenient to make complete the partial separation
of "path" and "terminal" losses effected by the definition of transmission
loss. This can be done by defining two additional loss concepts, "path loss"
identified by the subscript ph and 'propagation loss" identified by the sub-
script pn. In both cases the new definitions are effected by extraction of
the antenna gains from transmission loss. In one case (rph, Yph) it is gain
relative to an isotropic reference (Gx, i) which is extracted.** In the other
case (rpn, Ypn) it is gain relative to an elemental dipole reference (Gx,d)
which is extracted.

Path loss (Fph) and path gain relative to an isotropic reference
(Gph, i) are defined by the equation

1'tn = r ph /Gt,i Gr,i r ph /Gph, i 1-5a

In decibel form

Ytn = yph - gt, i - gr, i = Yph - gph, i 1-5b

*The symbol * in an equation denotes the multiplication operator.

% -*The symbol Gx, i denotes power gain of an antenna (the type or function of
which is indicated by x) relative to an isotropic reference. Except where
explicit specification of the reference is either necessary to avoid ambiguity
or desirable for expositional emphasis, the suffix subscript (,i) will ordinarily1be omitted, but implied. A suffix subscript (,d) is similarly used to denote
an elemental dipole reference. It must never be omitted. The symbol Gd, i
denotes the gain of .-; elemental dipole relative to an isotropic reference. It
has the value 3/Z (1.76 dB).

1
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Propagation loss (3-pn) and path gain relative to an elemental dipole reference(Gph, d) are defined similarly. *

r -r/G G r /Gtn pn t,d r,d pn ph, d 
I -6a

In decibel form,

'Ytn =  pn - gt, d gr,d = 'pn - gph,d 
1-6b

Since G = Gxd* Gdi (see footnote reference just prior to Equations1-5), it follows from Equations I 5a and 1-6a that

pn = (h/Gd, i)
1-7

Some authors choose to go a step farther and break path loss downinto two factors, a "path attenuation relative to free space" and a "free

*In subsection 3. 3. 1 an alternate, but equivalent, definition of propagationloss is given. There, an analogy is drawn between propagation loss andtransmission loss, rather than between propagation loss and path loss. Ina sense, the propagation loss concept lies intermediate between the othertwo concepts. The alternate definition is used in Chapter 3.0 to facilitatediscussion of the problem of determining power radiated and power receivedin tie ground wave case. The equivalence is made evident from the fol-lowing expansion of the transmission loss.

Pt Pt, d/Gt,d P Pt,d 1I" : = r - * --- = r /GPr r,d ,d r,d Gt, dGr,d  pn , d r,d

In this expression the final subscript (,d) signifies that the quantity is"radiated from" or "relative to" an elemental dipole. This expressionappears explicitly in subsection 3. 3. 5. The reason for defining propa-gation loss in addition to path loss, to which it is quite similar, will therebecome evident. It is not commonly found in the literature.
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I
space loss," rb, for a distance equal to the real ground range, D. The
pathattenuation factor, Aph, is defined by the following expression.

t =A fr 1-a
ph ph b

In decibel form,

Yph = aph + Yb 1-8b

The free space loss (rb,Yb) is considered a "basic loss" -- and is frequently
so called. It is the loss in transmission between an isotropic transmitter
and receiver separated a free-space equivalent distance equal to the ground
range, D, of the path. Its value can easily be expressed in terms of D.

An isotropic source radiating a total power, Pt (watts), will produce
a field intensity, S (watts/meter 2 ), at a distance, D (meters), given by the
following expression.

S = P t/4TrD2  1-9

The power, Pr (watts), available from an isotropic receiver in the incident
field, S, is the product of S and the isotropic absorption area, A = X2 /4Tr
(meters2 ).

P = SA = (Pt/4TrD ()(X /4) 1-10rt

The basic or free space loss, rb, is

rb = Pt/P r = (4TrD/) 2  I-lla

In decibel form,

b = 20 Log (4rD/X) 1-lb

+ 21.98 + 20 Log (D/X) (dB)

It also is possible to define a counterpart to the path attenuation
factor using Fpn , rather than rph

, in Equations l-8a,b. In doing so, two

possibilities arise for definition of "basic loss. " Each has its own justi-
fying rationale.

17

I



One possibility is to define basic loss in terms of transmission between
isotropic elements, just as was done in Equations 1-8a,b. Thus,

r =A F 1-12
pn pn b

If this option is adopted, the quantity Apn might be named "propagation atten-
uation factor" in analogy with the naming of "path attenuation factor. "

Another possibility is to define basic loss for this case in terms of
transmission between elemental dipole elements. Because this is in accord
with the definition of propagation loss, it has a certain attractiveness. This
new basic loss could be symbolized -rb,d -* It is related to rb (or rb, i) in the
following way.

,d = ri/(Gd,i = (4TrD/AGdi) 2  1-13

From Equations 1-7, l-8a, and 1-13, it follows that

r =A r 1-14
pn ph b, d

From Equations 1-12, 1-14, and 1-13, it further follows that

A = A/(Gd) 2  1-15Apn Aph(d, i

It will turn out to be more convenient to make use of the relationship
given by Equation 1-14 than to use that given by Equation 1-12.

Before terminating this discussion of loss definitions, a caution
ought to be issued. Implicit in the definition of transmission loss is the
assumption that only one path between terminals exists. If, in fact, more
than one exists the definition must be elaborated. The elaboration must
specify a rule for combining the signal power arriving at the receiving
terminal over the various paths. The two extreme cases would be deter-
ministic phasor combination and random phasor combination. These are
equivalent, respectively, to "voltage summing" and "power summing."
Multiple path conditions will be enc6untered in discussion the sky wave.

*That is to say, "basic loss between dipole elements." If it is necessary
to make a positive distinction, the original basic loss could be symbolized
rb, i, ie, "basic loss between isotropic elements." Ordinarily the (,i) will
be omitted, but implied.
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1.2.2 Loss Calculations

I In the preceding subsection, the total loss was successively sub-

divided into subordinate factors. The subdivision structure forms a

five-level hierarchy.

F = r Level 1
oa oa

= r Level 2

r= t Ih/Gph Level 3
ttph ph1-16a

= r ttph/GtGr  Level 4a*

= rtAhrb/G Level 4b*
tt ph b ph

FA= rttAphrb/GtG Level 5

In decibel form,

'Yoa = "oa Level 1

= 'Ytt + Ytn Level 2

= +ph - gph Level 3
l-16b

= tt + Y ph - -
g . Level 4a*

tt ph +b - Level 4b*J /'tt + aph + p
I= Ytt + a ph + Yb 9 gt - gr Level 5

An analogous structure based on Fpn, rather than rph, also was

j establishe d.

I .'Level 4a is formed from Level 3 by subdividing Gph and Level 4b by

sudividing rph'
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F =F Level 1
oa oa

SFF Level 2
tt tn

- F F /G Level 3tt pn ph, d 
1-17a

= tt pn /Gt,d Gr,d Level 4a

StA r' /G Level 4b
tt ph b, d ph, d

-F A F /G G Level 5
tt ph b,d t,d r,d

In decibel form,

a = o Level 1oa oa

= 'Ytt + Ytn Level 2

-tt 
+ Ypn - gph,d Level 3

1-17b

Ytt + ypn - gt,d gr,d Level 4a

= Ytt + aph + Ybd gph,d Level 4b

=Ytt + aph + yb,d -gt, d - gr,d Level 5

For the purpose of this discourse, the total attrition of jamming signal
power will be estimated by estimating the individual factors at Level 4a in
the two hierarchies. This is the task delineated in Step 2 of the solution pro-
cedure formulated in subsection 1. 1. 3.

For reasons which will be made clear when the two delivery mechanisms
are discussed, the path loss concept is convenient to use with the sky wave and
the propagation loss concept is convenient to use with the ground wave.

The path attenuation factor concept will not be used explicitly in this
discourse, but the basic loss concept defined in conjunction with it will
appear, both in specialized form in connection with the sky wave and in
the general form in connection with the ground wave. Z!
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The evaluation of path loss and transmission loss for the sky wave
is the subject of Chapter 2. 0. Chapter 0 is devoted to evaluation of
propagation loss and transmission loss for the ground wave.
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2.0 THE SKY WAVE

One of the two principal mechanisms for signal delivery in the HF
portion of the radio spectrum is the sky wave. In this chapter its salient
properties will be developed and displayed. The objective of the exposition
is to elucidate principles by which transmission loss can be estimated for
the sky wave case.

The concept of path loss is introduced as an intermediate stage in
the estimation of transmission loss. It is convenient because it easily
breaks apart into four factors, each of which can be evaluated separately.

At the end of the chapter information is provided in atlas form to
display graphically the salient features of the sky wave and to provide data
for problem solving.

mea PA= nit w- nLa
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2. 1 DEFINITION OF SKY WAVE

A compact radio emitter situated outside, but in the immediate
neighborhood, of the surface of a very large spherical obstacle produces
an electromagnetic wave which, eventually, will permeate- -albeit not
uniformly--the space in which the emitter/obstacle (source) system is
embedded. Depending on the composition of the obstacle, the wave also
may propagate, more or less, into its interior. In general, a portion of
the power supplied to the emitter will be radiated from the source system,
being propagated to the far reaches of the surrounding space, and will be
lost to the source system. .

Viewed as a whole, the configuration of the electromagnetic field
in the space is, clearly, affected by the presence of the spherical obstacle.
For example, the field beyond the obstacle on the side opposite the emitter
will be lower than average. This region is said to be shadowed from the
emitter by the obstacle. Viewed locally, from a small segment of a wave-
front not too close to emitter or obstacle, the influence of the obstacle may
be seen as completed rather than continuing.

The continuation of wavefront propagation by Huygenian wavelet

construction principles makes evident the predominant importance of those

areas of wavefront in the immediate neighborhood of a small wavefront
segment to the propagation of that segment. Contributions from more
distant portions of the wavefront are subordinate. A segment of wavefront,

*If this approach to definition of the sky wave seems a bit esoteric, please
bear with it. It is part of a strategy to unify the definition of the sky wave
and that of the ground wave which will be treated in a subsequent chapter.

The making of the distinction is not trivial. After all, both may arise from
the samc emitter under the same circumstances. More succinctly, the two
are differing aspects of the same wave field.

In delimiting the extent of a "neighborhood," or the size of an "obstacle,'
or the degree of 'closeness" of two locations, the unit of length to be used is
the wavelength of the electromagnetic wave. In the HF portion of the radio
spectrum (2 to 32 MHz for the purposes of this document), the wavelength
ranges from 150 meters to 9.4 meters. In this frame of reference, the
earth is a very large obstacle indeed. A critical dimension is the greatest
linear extent of the emitter. It affects the distance at which the emitter is
seen as "compact. " An HF antenna which has a greatest linear dimension

of one kilometer is a very large HF antenna; most would not exceed 150
meters. At a distance of 10 or more kilometers above the surface of the
earth, almost any HF antenna system will be seen as compact.
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far enough removed from emitter and obstacle, may begin to propagate as
if the obstacle were not present. The power supporting such a segment of
wavefront is lost to the source system; it is radiated.

Thereafter, propagation of the wavefront proceeds in accord with the
principles of geometric optics. Ray concepts may be invoked. The obstacle
itself--in this case the earth--exerts no continuing influence on the propa-
gation of such portions of the wavefront. Its role is merely that of a launching
platform which establishes the initial conditions of launch. The sky wave
arises from such portions of the wavefront.

If the medium in which the source system is embedded is homogeneous
in electromagnetic properties, rays will be straight lines. Power which once
leaves the source system will be lost irretriveably.

The medium surrounding the earth is not electromagnetically homo-
geneous. Beginning at an altitude of 50 to 70 kilometers, the ionized upper
atmosphere--the ionosphere--profoundly influences the propagation of electro-
magnetic waves in the HF portion of the spectrum. It provides a mechanism
by which a portion of the electromagnetic energy incident on it can--under
certain circumstances- -be returned to earth.

Signal power from portions of the emitted wavefront which have
progressed beyond the immediate influence of the earth, which is re-directed
to the earth by the ionosphere, constitutes the sky wave.

The concern of this chapter is with the properties of the ionosphere
as a medium for propagation of HF electromagnetic waves and with the
influence of medium morphology on the transmission of signal power from
point to point on the surface of the earth. In general, changes in medium
properties in the ionosphere in a distance equal to the free-space wavelength
at HF are small enough to justify application of the principles of ray optics.
In any case, we shall assume that this is so and base our analysis on those
principles.

The configuration of optical trajectories- -or ray paths--in an optically
inhomogeneous medium is a function of the refractive index, symbolized by
n. We shall, therefor, be interested in the refractive index of the ionosphere.
Explicitly, we shall require a refractive index model of the ionosphere--or a
substitute therefor--valid in the 2 to 32 MHz range of frequency.

Before proceeding to an exploration of that topic, it is worth taking
a moment to comment on the lower atmosphere. It is true, as we shall see
in Chapter 3, that the refractive index of the lower atmosphere differs slightly

25
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from that of free space, by about 300 parts in 106 at the surface of the earth.
The refractive effects are so small in comparison with those of the ionosphere
as to be totally negligible for sky wave propagation. The variation in refractive
index in the lower atmosphere does become a factor in the propagation of energy
by the ground wave mechanism. This effect will be treated in the chapter on
the ground wave.
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2.2 REFRACTIVE INDEX MODELS

The ionosphere and the geomagnetic field together form a medium in
which the propagation of electromagnetic waves is extraordinz'rily complex.

The phenomena are complex both because the properties of the medium are

complex and because the morphology of the medium (the description of its
form and structure) is complex. To develop a proper model for the medium,
both of these characteristics must be treated.

Before proceeding to this task it seems prudent to make certain that
the meanings of two frequently used descriptive terms are clear. The first,
"isotropic," is used in describing the properties of a medium at a point. It
means that the values of the characteristic parameters of the medium at a
point do not depend on the orientation of the wave normal at that point. The
antonym is "anisotropic." The second term, "homogeneous," is used in
describing the morphology of a medium in a region. It means that the values
of the characteristic parameters of the medium in a region do not depend on
the position of a point in the region. The antonym is 'inhomogeneous.

2. 2. 1 Complex Index of Refraction

'fake a moment to review the meaning of the refractive index concept.
In a medium characterized by scalar values of permeability, J, and permittivity,

the square of the phase velocity, v, ,f a wave is given by

v - I/pr 2-I

If the permeability and permittivity are each factored into a relative (non-
dimensional) value representative of the medium (4r, Er) and an absolute
(dimensional) value for free space ( .o:H/m, (o:F/m), then the expression

for the square of the phase velocity of a wave can be written

v 2  l/((}JrEr )(GoEo)) 2-2

The quantity I/(goEo) is recognizable as the square of the velocity of light
in free space, c2 . If the quantity (grc r) is defined to be the square of the

refractive index, n 2 , then the expression above can be rewritten.Ii
n2v 2 = c2 2-3

So defined, the index of refraction is the factor by which the phase velocity
in the medium must be multiplied to give the velocity of light in free space.

If Lr = 1, then n 2 is just the relative permittivity (or dielectric constant) of
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the medium. * For a common dielectric medium, polyethylene, n 2 has a

value of about 2.3. Furthermore, at HF the phase and group velocities

in polyethylene are essentially equal so that a single refractive index

concept (and value) sufficies for both.

A simple wave with harmonic time variation, propagating in the

positive direction along the x coordinate, may be expressed in the form

A exp [j (wt - kx)] 2-4

In this expression

S2 r/T = 2lTf (s-1) 2-5

where T and f are, respectively, the temporal period and frequency, and

k = 2'rT/X = 2'r(X- I ) (m - 1) 2-6

where X and (X - 1 ) are, respectively, the wavelength and wave number

(they may be thought of as a kind of spatial period and spatial frequency).

The velocity of the wave, v, is given by the expression

v u ,/k = X/T (m/s) 2-7

If the wave is propagating in free space, the symbols for the parameters

may be tagged to indicate the free space values; thus,

ko 2T/\ o = 2n(ko) 2-8

Note that in this situation v = c, so that Equation 2-7 becomes

c = w/ko = Xo/T

or k o = W/c 2-9

If the expression for wave velocity given by Equation 2-7 is substituted

into the definition for refractive index given by Equation 2-3, the following
relation is obtained after a slight rearrangement.

:cHereafter, the relative permittivity, 4r, will always be assumed to have

the value unity and the permeability will appear only in the form 40, that

of free space. Be hereby forewarned that a new use for the symbol ti

shortly will appear in connection with the refractive index.
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k 2 =n - 2-10

I~ C
2

IWith the aid of Equation 2-9, this relation can be re-expressed in the form

k 2 = n 2 k 2  2-11

Thus, another aspect of the index of refraction concept emerges. It is the
factor by which the free space propagation const'nt, ko, is multiplied to
give the propagation constant in the medium, k. This value of k may be
inserted into Equation 2-4 to give a modified description of a harmonic wave.

A exp [j(wt - nkox)I 2-12

In this form the role of the index of refraction is made explicit.

In a simple low-loss dielectric like polyethylene, the index of
refraction, n, is--for practical purposes--a real number. In a more

general medium, it may be complex. It is convenient, in such cases,
to write*

n 2  
= -_j) 2  2-13

At this point n is called the "complex index of refraction' (though the
adjective "complex' is frequently omitted when the meaning is obvious
from context or when the distinction is unnecessary), ti is called the index
of refraction and X is called the index of absorption. Using Equation 2-Il,
we may write

k 2 = (4 - jX) 2 ko2  2-14

If this expression for k is inserted into Equation 2-4, the latter may be re-
written in the form

A exp [j(wt - ±kox) - Xkox] 2-15

Note that 4±, the real part of the complex n, now assumes the role of the
simpler n in Equation 2-4.

In this form (Equation 2-15) the reason for calling X an "index of

absorption" is made apparent. The term Xkox produces an exponentialjI
*'Don't be in too great a rush to do the 'obvious, " namely, to take the square
root of both sides of this equation. It can get you into trouble with sign.jwhen expressions are derived for n 2 in terms of the several physical quantities.
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decrement of wave amplitude with distance, x. In fact, the product Xko is
given a name, 'absorption coefficient,' and a symbol, K; thus,

K =ko = x(/c) (nepers/meter) 2-16

In comparison to the properties of a simple dielectric medium
like polyethylene, those of a magneto-plasmic medium* are significantly
more complex in four important ways:

1. The magneto-plasmic medium is dispersive. Its index of
refraction is a function of frequency. In general, the group
velocity, &./ak, is not equal to the phase velocity, w/k.

2. The magneto-plasmic medium is absorptive. Its index of
refraction is complex. Both iL and X are always positive and
greater than zero. Under this circumstance, the absorption
is dissipative; i.e., the absorption represents a conversion
of wave energy into heat energy. The heat energy is manifest
as an increase in the average random velocity of the particles
constituting the gas.

3. The magneto-plasmic medium is birefringent. The index of
refraction has two distinct values which, generally, differ
significantly. Corresponding, respectively, to each of the
two values of refractive index is a characteristic wave polari-
zation. ** The birefringent property is a consequence of the
presence of the steady uniform magnetic field and the mobility
of the free electrons in the plasma. This property implies two
different values of phase (and group) velocity and two possible
ray paths arising from a single set of initial ray parameters.

4. The magneto-plasmic medium is anisotropic. Each of the two
indices of refraction, and its corresponding characteristic
polarization, are separate functions of the orientation of the
wavefront normal with respect to the direction of the uniform
steady magnetic field. The angle between these two directions

*That is, a homogeneous gas, partially ionized, but, on a macroscopic

scale, electrically neutral, together with a uniform steady magnetic field.

'-,A "characteristic wave polarization" is one which will remain unchanged
as a wave propagates through a homogeneous medium. For a simple die-
electric medium this property is true for any state of polarization. Hence,
there are no ''characteristic'' polarizations for such media.
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is denoted by the symbol 8. This property imples that phase
velocity is direction dependent. As a consequence, in general,
the direction of energy propagation (the ray direction) may
differ from the direction of the wavefront normal. The angle
between these two directions is denoted by the symbol a.

These properties of a magneto-plasmic medium are expressed quanti-
tatively by the Appleton-Hartree equations [1, 2, 3, 4]. The square of the
complex refractive index is given by the Appleton-Hartree dispersion equation
(Equation 4-49 of Kelso [I], for example).

n2 - ( _x) 2  2-17

=1- X

0 - jz) - T + y
2(l -X-jZ) 4(l-X-jZ)2 2

The complex polarization,* R, is given by the Appleton-Hartree polarization
equation (Equation 4-82 of Kelso [ 1] , for example).

12 1 y4 +2 1 /2

R YiT i  T +4(1-X-jZ) YLI21
2j(I-X-jZ)Y

L

Note that the two polarization states differentiated by the sign ambiguity in
this equation have an interesting reciprocal property. If the values of R

*The complex polarization, R, is defined to be the phasor ratio of a particular

pair of orthogonal linearly polarized components of the magnetic field of the
wave (this is not to be confused with the steady magnetic field). If, at a point,
the wavefront normal is not parallel to the steady magnetic field, these two

vector quantities define a plane which may be called the principal longitudinal
plane. A plane perpendicular to the wavefront normal at the point is called the
transverse plane. The magnetic field of the wave lies entirely in the transverse
plane. The electric field of the wave may also have a third component in the
direction of the wavefront normal. It is for this reason that the magnetic,
rather than the electric, field of the wave is used in the definition of polari-
zation. The principal longitudinal plane intersects the transverse plane in a
line which may be used as a reference for direction in the transverse plane.
The numerator of the polarization ratio is the component of the magnetic field
of the wave which lies along this reference direction. The denominator is the

component which is perpendicular to the principle longitudinal plane.

3
| 31



associated with the two signs are symbolized by R+ and R, a little algebra

will suffice to show that the following relation holds for all values of the

variables.

R+R_ = 1 2-19

The four variables, X, YL, YT and Z, appearing on the right-hand
side of Equations 2-17 and 2-18 are normalized dimensionless quantities. They
are convenient quantities because their use simplifies the formal appearance
of a wide variety of relations which occur in the treatment of electromagnetic
wave propagation in a magneto-plasmic* medium. A part of the convenience

arises from the fact that each bears information about a single physical property
of the medium. These variables plus one additional, Y, are defined by the
following five equations.

X = W/W2 2-20

N

= (Ne 2 / o rm)/. 2

Y = WH/U 2-21
H

= [(toH) le I/m] 1w

= [B le I/m]/w

YL = wL/W 2-22

[(-oH cos9)e/m]/w

(-4oHL)e /m]j/w

= [-BLe/m]/w

YT= wT/w 2-23

= [(- 1 oHsin)e/mJ/w

= t (-"oHT)e/m ]/

: [ -BTe/m]/w

*Or, "magneto-ionic." There is a long history of use of the term "magneto-
ionic' in connection with this topic. "Magneto-plasmic" has been used here
to emphasize the plasma nature of the gaseous component of the medium.
The effect of the heavy ions is ignored, at least in the sense that the assump-
tion is made that their inertia prevents significant motion at the frequencies
and field strength levels involved. Only the free electrons are assumed to move.
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Z = ,/W 2-24

The first four of these equations serve not only to define X, Y,

YL and YT' but also to define four variables intermediate between them
and the basic physical variables. The intermediate variables are the plasma
radian frequency, and three electron gyro radianfrequencies, wH asso-
ciated with the steady magnetic field (H or B), wL associated with the longi-
tudinal component of the magnetic field (HL or BL), and wT associated with
the transverse component of the magnetic field (HT or BT).

Two variables appear which are associated with the electromagnetic
wave. They are 0 which is the angle between the wavefront normal and the
direction of the steady magnetic field, and which is the wave radian fre-
quency.

Three variables (not four, since B = 1 oH) appear which are asso-
ciated with the physical properties of the magneto-plasmic medium. They

are (including both H and B):

N The electron density (electrons/m 3 )

H The intensity of the steady magnetic field (amperes/m)

B The flux density of the steady magnetic field (webers/m 2

or teslas)

v The mean rate of electron-heavy particle collisions (the
collision frequency) (collisons/s)

The remaining symbols stand for physical constants:

e The charge on an electron (coulombs)

m The mass of an electron (kilograms)

4E 0 The permittivity of free space (farads/m)

Lo The permeability of free space (henries/m)

Thus, n2 , the square of the complex index of refraction, and R, the
characteristic wave polarization, are complex functions of five real physical
variables. Of these, three (N, H or B, v) are medium-related and two (0,w)
are wave-related. The five physical variables are reduced to four formal
mathematical variables (X, Y, Z, 9 or X, YL, YT, Z) by assigning to the
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wave radian frequency variable, w, the role of a normalizing factor or scaling
unit.

Defined only through Equations 2-20 and 2-21, the plasma radianfrequency,
LN, and the electron gyro radian frequency, wH, seem to be just artificially
contrived entities, called 'radian frequencies' simply because they happen
to have the appropriate dimensional property. However, each has an interesting
physical significance.

If, in a plasma slab, the electrons are mechanically displaced en masse
in a direction normal to the slab surface, an electrical restoring force will be
produced between the electron body and the ion body. If the electron body is
released, it will move under influence of the restoring force with an oscillatory
motion. The radian frequency of natural mechanical oscillation will be just
the plasma radian frequency in Equation Z-20. It is dependent only on the electron
density, N, ef the plasma.

An electron in uniform motion in a uniform steady magnetic field will
experience a transverse force unless the di: ection of motion is parallel to the
field. If the motion is in a plane transverse to the magnetic field, the electron
will move in a circular orbit. If the motion is inclined to a transverse plane,
the path will be a helix, the projection of which on a transverse plane is a
circle. The radius of the orbital circle will depend on the kinetic energy of
the electron and the inclination of the path to a transverse plane, as well as
on the strength of the magnetic field. However, the angular velocity (radian
frequency) with which the electron moves about the circular orbit (or path
projection) will depend only on the strength of the magnetic field. It will be
just the electron gyro radian frequency* in Equation 2-21. The gyrofrequency,
like the plasma frequency, is a frequency of natural mechanical oscillation.

If, then, the electron gas in a magneto-plasma is driven mechanically--
as by a passing electromagnetic wave--one would expect the motional response
of the electrons to maximize when the driving frequency equals one of the fre-
quencies of natural oscillation. One would anticipate that at these frequencies
wave/plasma interaction would exhibit exceptional behavior. Such is, indeed,
the case. At these frequencies, the Appleton-Hartree equations exhibit critical
properties.

In the ionosphere the plasma frequency (not radian frequency: fN =
N1 Zt) ranges from essentially zero to, at times, as much as 10 MHz, or

-Also called the "cylcotron radian frequency.
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more. The electron gyrofrequency at ionosphere heights has a much more
limited range, from about 0. 7 to 1. 8 MHz, with a most likely value in the
neighborhood of 1. 3 MHz. Thus, the plasma frequency range includes the
lower half, more or less, of the IF range. The gyrofrequency is belowIthe HF range. This latter is a fortunate circumstance because the complexity
of wave behavior in the HF range is thereby kept down.

The quantity called "collision frequency, " v, appearing in Equation 2-24

is more nearly a contrived entity than are the plasma frequency and the gyro-
frequency. An attempt to ir, erpret it directly in physical terms is tenuous,
at best.

In a plasma, electrons may be in motion, either by virtue of the plasma
"temperature" or by virtue of excitation by a passing electromagnetic wave.
The existence of electron motion raises the possibility of momentum transfer
from electrons to heavy particles by interaction, i. e., by "collision." If an
"electron momentum transfer unit" is defined as the product, mu, of electron
mass (m) and some sort of average electron velocity (u), then the product vmu
can represent a sort of average rate of electron momentum transfer. The
quantity v is just a constant of proportionality which gives the number of
momentum transfer units expended per unit time. It has the dimensional
value s-I, i.e., "frequency."

The quantity vmu, being a rate of change of momentum, is dimensionally
equivalent to a force. It is used to account for an average viscous damping
force on motion of the eiectron gas. This is a dissipative mechanism. If all
electrons had the velocity u, and if all electron momentum were lost at each
encounter, then v could be interpreted as the "collision frequency. "* The
value of v is largest at the lowest levels in the ionosphere. It may there
be of the order of 104 /s.

A full description of the properties of the Appleton-Hartree equations
is a major undertaking in its own right. For further details the reader is urged
to consult the references[ 1, 2, 3, 4]. To account for all of the phenomena
observable in connection with electromagnetic waves at HF, incident on the
ionosphere either vertically or obliquely, the full complexity of the Appleton-
Hartree equations must be retained.

I :.In Equation 2-24, itappears thatv ought to be interpreted as a radian fre-
quency. This is easily accomplished by setting v a Zrf v . Then the momentumj transfer unit is Zrmu per cycle, or mu per radian, the "collision frequency"
is fV and the collision radian frequency is v.
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Fortunately, the task at hand is not that all-encompassing. It is
restricted to estimating the ratio of transmitted to delivered signal power.
For this limited objective, it is practicable to work with reduced forms of
the equations. The trick will be to find ways of reducing the complexity of
the equations which do not simultaneously eliminate the essence of crucial
phenomena. The admonition to take care not to dispose of the baby along with

the bath water is to the point.

2. 2. 2 Constraints on Modeling

In the first section of this chapter, the need was established for a
model of the refractive index of the ionosphere. It is a necessary basis for
the calculation of ray paths, or trajectories, by the methods of geometrical
optics. In the immediately preceding section, the nature of the index of
refraction of a magneto-plasmic medium was introduced. It was found to
be complex, both in the sense of the number system in terms of which it was
represented and in the sense of the nature of its properties. The task at hand
now is to effect some necessary and suitable simplifications in the description

of medium properties and to relate model morphology to the real ionosphere.

In the process, it will be prudent to impose some constraints on the
properties of the models to be considered. Without them the task becomes
so complex that it is manageable only with great difficulty--a degree of diffi-
culty well beyond the scope of this treatment. The task of this subsection is
to explain and to justify the constraints to be imposed. The justification will
be more heuristic than rigorous, arising from necessity and based in part on
empiricism. The constraints imposed will be of two kinds:

1. Formula reductions which effect a simplification of medium
properties.

2. Morphology restrictions which effect a simplification of wave
trajectories.

The motivating factors for formula reduction and morphology restriction are
essentially similar. They are the following:

I. To simplify the wave properties and trajectory configurations
with which it is necessary to deal.

2. To simplify computational procedures to a level appropriate to
the objectives of the operation and to a level commensurate with
uncontrolled uncertainties in the process.
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3. To make more clearly evident certain behavioral charac-f teristics of waves in the medium.

4. To avoid or, at least, to minimize obstacles arising from
lack of knowledge about some of the geophysical variables.

To this point, discussion of the complex index of refraction has been
based on the assumption that the medium was homogeneous and static. The
ionosphere is neither homogeneous nor static. To construct a model of the
complex index of refraction in the ionosphere, then, it is necessary to have
adequate knowledge of the spatial and temporal occurrences of three physical
quantities:

1. The electron density, N (electrons/m3).

2. The geomagnetic field, H (amperes/m).
or B (webers/mz). *

(Note that H and B are vector quantities and that both
magnitude and direction are required. )

3. The electron collision frequency, v (collisions/s).

These physical quantities appear implicitly in Equations 2-17 and 2-18. Their
involvement is shown explicitly in Equations 2-20 through 2-24.

There are two salient wave properties, the calculation of which is
based directly on the refractive index model. The first is the configuration
of the trajectory or ray path. It depends on 4, the real part of the complex
index of refraction--or, simply, the index of refraction. The second is
absorption of energy from the wave by the medium. It depends on x, the
negative of the imaginary part of the complex index of refraction--or the
absorption index. A discussion of the two wave properties logically begins
with . and the trajectory, since total absorption cannot be determined by
the methods of geometrical optics without reference to the ray path.

The value of p derives, of course, from the Appleton-Hartree
dispersion equation (Equation 2-17). The first step in deriving a reduced
formula for p. is to set Z = 0 in Equation 2-17. Through Equation 2-24 it isj implied that v = 0. With this simplification, Equation 2-17 reduces to

n2 j( p-j() 2  2-25

-Z(1-X) + 4(-]

"The ''weber/mZ' ' is also called the "tesla."
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Under Equation 2-25, the value of n 2 is real; the complex property has been
lost. This is a substantial advantage and sufficient motivation for this
particular move. The real property of Equation 2-25 does not imply that
X = 0. However, it does eliminate the dissipative property of the medium.*
The justification for setting Z (and v) equal to zero is that in the ionosphere
the places where v is large are places where ± differs little from unity.
Under this circumstance ray bending is small, so v exerts little influence
on trajectory shape.

The next simplifying step is to set Y 0. Through Equation 2-21,
this clearly implies tha. H (or B) has been made zero. Of course, if Y = 0,
then YL = YT 0 also. With this simplification, Equation 2-25 reduces to

n 2 =( -jx) 2  2-26

-X

As in Equation 2- 25, n 2 is real but x is not necessarily zero, and the dilemma
is still with us. The variation of n 2 with X is shown in Figure 2-1.

I

+ .21

-X
2

Figure 2-1. Complex index of refraction.

'This apparent dilemma will be resolved shortly. Stay with it!
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Setting Y equal to zero seems a drastic step and, in truth, it is.

With it, two significant medium properties have been lost. The first is

anisotropy. The dependence of n 2 (and 1
2 )onO, the angle between the wave-

front normal and the geomagnetic field, has been lost. The second is bi-
refringence. The square root factor with the ambiguous sign has been lost

from the denominator.

Removal of the anisotropy property eliminates the ray path warpage--

at times very substantial- -which occurs along the upper part of the trajectory.

in the ionosphere, where ray bending is most severe. The justification for the
simplification is that trajectory warpage on the entry part of the path is largely
compensated by warpage on the exit part of the path. Our concern is for the
terminal parameters* of the trajectory, rather than for the details of its
central portion.

Removal of the birefringence property reduces the number of ray paths
possible in each case from two to one. The two possible ionospheric ray paths

between two points differ significantly- -even radically at times--in their central
portions. Despite this, in most cases their terminal parameters are similar
in value. At frequencies above the electron gyrofrequency (about 1.4 MHz)
and for transmission over short to moderate distances (up to, say, 500 kin),
the ray called 'extraordinary' may depart and arrive at a slightly higher angle
of elevation than the one called 'ordinary. " When this is so, the ordinary ray
is frequently the more important because it suffers less absorptive attenuation.
The single trajectory calculated in the absence of the geomagnetic field approxi-
mates more closely the ordinary ray than it does the extraordinary ray. *,'*
Frequently it falls between them. For the purpose of determining whether at
least one ray path is possible between two points, the no-geomagnetic-field

formulation serves except in marginal cases. In some marginal cases, an
"extraordinary' ray path may be possible when no ordinary or no-field ray
path is possible.

*The ray path parameters which we require will be defined shortly in

connection with Figure 2-2.

I "**This will be made evident when approximations for X are discussed.

**'The reader should be aware that the ray called "ordinary" when the geo-

magnetic field is accounted for is not the same as the no-field ray except for

the very restricted case in which the wavefront normal, everywhere along the
ray path, is perpendicular to the geomagnetic field. In truth, neither of the
characteristic waves possible in a magneto-plasma are, in that sense, ordi-
nary. Both generally differ from the no-magnetic-field case. The birefringence
property is more complicated in a magneto-plasma than it is in the optical

3 materials in connection with which the terms "ordinary" and "extraordinary"

orginated.
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Before leaving the discussion of index of refraction formulas, it is
only fair to resolve the dilemma left hanging earlier. Equation 2-26 and

Figure 2-I show that for X < I, n 2 is positive; for X > 1, n 2 is negative.
If, in Equation 2-26, the complex representation for n 2 is expanded, two

expressions are obtained when real and imaginary terms across the equality

are equated.

n 2 - 2 X2 = I-X 2-27

4X 0

Thus, either i or x -- or both--must be zero. The interpretation of Equation

2-27 is the following.

X -= 0; n 2  = 42 1 i-X (X < i) 
2 2
2-28

= 0; - 2 = -X2 I-X (X > 1)

Note that under this interpretation x 2 is a postive number.

The significance of a non-zero, positive, value for X2 when 4 2 is
zero can be deduced from Equation 2-15. When L = 0 the "wave" property of

the field is lost; the exchange of spatial and temporal phase variation expressed

by the factor j(wt - tkox) is destroyed. Only an amplitude decrement with the
spatial variable, Xkox, remains. 'The field is said to be "evanescent. " It is
like the field in a waveguide at a frequency below the cutoff frequency. In a

plasma, 4 the condition X = I is the boundary between the propagating and the
evanescent states of the electromagnetic field. From Equation 2-20 it is clear
that this condition corresponds to equality between the wave radian frequency
and the natural plasma radian frequency.

The benefit gained by these two steps in formula reduction is great.
The computation of n 2 -- and hence of 2 -- is made very simple (Equation 2-26).
The need for information about the collision frequency and for a detailed
model of the geomagnetic field is eliminated from the calculation of 4j2 . , ,

The value of n 2 given by Equation 2-26 depends only on X. Through
Equation 2-20, it is clear that of the geophysical quantities X depends only on

N, the electron number density. Thus, the constru( tion of refractive index
niodels--models for i--has been reduced to the corstruction of electron
number density models. This topic will be treated in the two following sub-

sections (2. 2. 3 and 2. 2.4).

'We no longer have the right to say magneto-plasma' because Y has been

set to zero.

::A need for some knowledge of the strength of the geomagnetic field still will
exist in colnection vwith evaluation of the index of absorption X.
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In the construction of an index of refraction model of the ionosphere,
it is expedient to impose a morphological constraint, in addition to the
formula reduction already described. It is that spatial variation of the
index of refraction be a function only of distance from the center of the
earth, i.e., of height measured vertically above the surface of the earth.
Under this constraint, the medium is said to be "spherically stratified."
No variation with geographic coordinates (latitude and longitude) is permitted
in the model. Thus, the electron number density model mentioned above
becomes an electron density profile along a vertical locus.

I In conjunction with the isotropy property, * spherical stratification
of the medium causes ray paths to lie in plane surfaces which contain the
center of curvature of the spherically stratified structure--the center of

I the earth in this case. The ray plane will intersect the surface of the earth
in a great circle curve. A portion of the great circle curve spanned by a
ray trajectory which intersects it in two places is defined to be the sub-Jtrajectory locus. The length of the sub-trajectory locus is the ground range.
Figure 2-2 is an illustration of a ray in the ray plane. In the figure, the ray
trajectory parameters (or, ray path parameters), c0, P5, hv, hr, and D areIdefined.

The advantage of the spherical stratification constraint is that it
jpermits ray paths to be calculated by a modification of Snell's law, called

Bouguer's** formula [5] (see Figure 2-2 for r and 4'r).

Lr sin r = constant 2-29

Seen or, a global scale, the ionosphere certainly is not spherically
I stratified. For example, the day and night ionospheres on opposite sidesof the earth differ greatly. Nevertheless, over limited regions spherical

stratification is a tenable constraint if critical regions--such as the twilight

I zones--are avoided. Clearly, an electron density profile defining the spherical
stratification of a model should be appropriate to the central portion of any
associated path.

In concept, it is possible to take account of the variation of N with
latitude and longitude, as well as with height. A price for so expanding the

I concept will be required in the form of added sophistication of the ray tracing
procedure and, even worse, in construction of three dimensional electron

density models. For the application to which this document is addressed,

!'Implied when Y was made zero.

:-'Two spellings of 0iis name are extant, Bouguer and Bouger.
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single-hop ray paths are the most probable configuration. Though error will

certainly be experienced in some situations, it is not yet clear that the cost

of so expanding the concept will be supported by commensurate benefit.

We leave, now, the discussion of index of refraction to take up a
discussion of index of absorption, X. Like index of refraction, the value

of index of absorption is obtained from Equation 2-17 for nZ = (iL - iX) 2 .

From the results obtained in the discussion of 4 (Equation 2-25), itis evident

that Z cannot be made zero in discussing index of absorption. To do so would

destroy the mechanism for absorption--throw the baby out with the bath, so

to speak.

The inability to set Z to zero raises at least two problems. The first
is that Z is proportional to electron collision frequency, v (Equation 2-24).

Unfortunately, the spatial and temporal occurrence of v is not adequately
known. Its distribution is not susceptible to direct measurement. Its
physical interpretation is unclear. In fact, the collision frequency concept

is one of the weak points of the Appleton-Hartree formulation. The second
problem is that no single simplification of Equation 2-17 leads to an expression
for x--or K, the absorption coefficient (Equation 2-16)--satisfactory for use

along an entire ray path. Use of the complete expression, or of several
reduced expressions, each restricted to its particular realm of validity,
would be required.

It will be useful--or, at least, informative--to examine a few of the
possible reduced expression for & (rather than X). Before putting the expres-

sions down, take a moment to note how K (nepers/m) would be used to deter-

mine the total absorption, A (nepers), along a ray path. Since K is the absorp-
tion coefficient measured in the direction of the wavefront normal (a is the

direction between the wavefront normal and the ray path),

A P cos ads (nepers) 2-30

ray path

in which ds is an increment of ray path length.

jReturning to expressions for K, several examples are given in

Table 2-1. In the table the symbols QL and QT stand, respectively, for

4
I



"quasi-longitudinal' and "quasi-transverse. * Of the seven formulas given,
only the first has general applicability along a ray path, and that only for the
no-magnetic-field condition. The remaining six are divided into two classes
called "non-deviative" and "deviative. " Similarities within a class are notable.

The distinction between the non-deviative and deviative classes is
easily illustrated with Formula I of Table 2-I. The value of K can be large
either because the product Nv is large or because the factor i is small,
or both (assume for the moment that w2>>v 2 , which is true for w in the HF
range). The value of v is greatest near the lowest levels of the ionosphere.
The value of N in this region tends to be low, but the value of the product
Nv tends to have its maximum value at a height of 100 km or less. ** The
value of L depends on N and is small only when N is large (X = i). This
condition occurs, generally, higher in the ionosphere. *** Thus, the condi-
tions Nv large and ± small tend to occur in different regions of the ionosphere.
Near the bottom of the ionosphere, where Nv maximizes, N tends to be small
and 4 near unity. Thus, little ray bending occurs in this region. Hence,
absorption occurring because of a large value of Nv is called "non-deviative."
When ± is low, N is likely to be a rapid function of distance along the trajectory.
Hence, absorption occurring because i is small is called "deviative." Evi-
dently, even deviative absorption does not occur if v = 0. It also is evident
that the distinction between the two classes is not sharp. It is more a matter
of circumstance than of principle.

*cThe terms "quasi-longitudinal" and 'quasi-transverse' refer to the direc-
tion of the wavefront normal (measured by the angle 8) relative to the direction
of the steady magnetic field. They connote that propagation or absorption
properties are "similar to' those which obtain when the wavefront normal
(not the ray direction) is longitudinal or transverse with respect to the magnetic
field direction. The implication is that the actual cases might be approximated
by the appropriate extreme (longitudinal or transverse) case. The boundary
separating QL and QT domains is given by a double inequality (>) statement[ 3].
It is important to be aware of the fact that the values of variables other than
e (e. g. , X) influence the location of the boundary between the domains. It is
not strictly sufficient that the wavefront normal be "nearly longitudinal" or
"nearly transverse." For example, in the neighborhood of X = I, all cases
converge on the transverse case and there is, really, no applicability of the
QL approximation. It also is not necessarily true that the QL and QT approxi-
mations are good over the entire domains defined by the inequality. There is
a region astride the boundary within which neither is good. This is not really
surprising since the approximations are derived from extreme cases.

4*-The D and low E regions of the ionosphere.

:X:':The F and higher E regions of the ionosphere.
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Under the QL condition, the gyro radian frequency appears in the
formulas. The + and - signs denote, respectively, the ordinary and extra-
ordinary rays. Under this condition, the absorption coefficient for the
extraordinary ray is greater than that for the ordinary ray. Since the gyro-
frequency is near the lower limit of the HF range, its influence is significant
in the lowest part of the range.

For wave frequencies well above the gyrofrequency and collision fre-
quency, non-deviative absorption is inversely proportional to the square of
the wave frequency. Deviative absorption is independent of wave frequency.

Because K gives absorption per unit distance, total absorption along
a trajectory (Equation 2-30) depends on the distance the ray travels in each of
the absorptive regions. Thus, a ray path leaving (or returning to) the earth
at a small angle of elevation (3) would travel a large distance in the D region
of the ionosphere and, thus, be subject toa maximum of non-deviative absorp-
tion. Because of the large angle of incidence on the ionosphere, ray reflection
could occur at a value of . well above zero (the Bouguer formula, Equation
2-29). Thus, the ray might suffer little deviative absorption. For a steeper
ray path, the circumstances could well be reversed.

We have not yet arrived at a satisfactory basis for constructing a
model for ) or K. And, indeed, we shall not. Primarily for lack of knowl-
edge about the morphology of electron collision frequency (v) it will be neces-
sary to fall back on empirical measurements of total path absorption. To
such measurements a mathematical model can be fitted which will, there-
after, represent them. Such a model will be introduced in the discussion
of absorption loss under the topic of path loss (2. 3. 5). In that expression,
of the geophysical variables, only the gyrofrequency remains explicitly
visible.

2. 2. 3 Sources of Data for Profile Modeling

In the subsection preceding this (2. 2. 2), it was shown how the problem
of constructing a model of the index of refraction of the ionosphere, under
certain constraints, can be reduced to that of specifying the spatial and
temporal occurrence of electron number density, N, in the ionosphere.
Under the radial variation constraint, spatial variation was limited to the
radial coordinate, i.e., to height above the surface of the earth. The model
resulting was called an "electron density profile. " Such profiles are commonly
referred to as N(h) curves ("N of h curves"). Note that no constraints or
conditioais have yet been placed on the temporal variation of N(h). In this
subsection sources of data for construction of a set of electron density
profiles will be discussed.
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It is well to retain in the conscious reaches of one's mind the fact
that the ionosphere is, above all, a portion of the earth's atmosphere. It
is a dynamic compressible fluid medium. It is subject to all of the physical
influences which affect the unionized atmosphere. That is to say, it exhibits
"climate" and 'weather" phenomena. In addition, the ionosphere in motion
is influenced by the geomagnetic field through dynamo and motor principles.

The production of ionization is a consequence of incidence on the
earth's atmosphere of solar radiation, both electromagnetic radiation at
short optical and ultra violet wavelengths arising from steady processes
on the sun and irregular electromagnetic and particle radiation arising
from traumatic events on the sun. The loss of ionization is governed by
complex photochemical processes in the atmosphere. For a very lucid
and highly instructive accounting of these phenomena, a small paperback
book by one of the masters of the field, J. A. Ratcliffe, is recommended
[61.

I To simply represent fully the spatial and temporal occurrence of N,
with no reference to causative agents, a variable system would be required
having, at least, the structural complexity given in the following chart.

Class: Subclass Variable or Phenomenon
Height or altitude

Spatial Latitude
Longitude

Temporal: Diurnal phase (hour)
Cyclic or Seasonal phase (month)
Quasi-cyclic Solar cycle phase (= 11 years)

Subsolar cycle dependence
Temporal: Sudden Ionospheric Disturbance (SID)
Irregular Ionospheric Storm

Traveling Ionospheric Disturbance (TID)

I Spatial and temporal variations are not really independent. Many of the
features of the N distribution are wave-like in character. There is,
therefor, a degree of interchangea bility between space and time.

If it is to be useful for estimation of signal delivery capability, an
electron density model (or profile in the simple case) must have both
spatial and temporal concurrence with the operational action contemplated.
The problem is where to get data satisfying these conditions.

I
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Three methodologies present themselves as candidates for sources
of basic data from which to construct models of the spatial and temporal
occurrence of N. They are:

1. Analysis based on theoretical principles.

2. Empirical determination concurrent in place and time with use.

3. Extrapolation (forecasting) based on a record of past empirical
determinations.

None of these candidates offers full satisfaction of the requirement. How-
ever, each has something to contribute. The three will be discussed in
turn.

It is not yet possible, even for a simple profile at a stated time, to
set down a theoretical model representation strictly in terms of physical
processes. We still are dependent on empirical data both for functional form
of the model and for values of model parameters. This is especially true
of the F region of the ionosphere. There are, however, two well-known
model representations of ionospheric 'layers' based on single simple
physical process concepts. They are the Chapman functions, a-Chapman
and n-Chapman [ I, Z, 41. The functions are statements of the equilibrium
condition between an electron production process and an electron loss process.
The a-Chapman function assumes a recombination loss process; the p-Chapman
function assumes an attachment loss process. The parameters a and p which
characterize these functions are called, respectively, "recombination' and
'attachment coefficients. * Theory does not yet yield adequate evaluations
of these coefficients. Nor are real ionospheric processes as simple, even
in a single layer or region, as those which are the basis of these models.
Neither diffusion nor mass transport processes enter these models.

Neither function alone is suitable for representation of an entire
ionosphere profile. However, the a-Chapman function, especially, is useful
as a component to supply functional form for the construction of composite
models. We shall so use it, in association with empirically determined
parameter values, in subsection 2. 2. 4.

For concurrent empirical determination of electron density profiles,
three principal techniques are available. One is a direct method and two
are indirect methods.

'Both functions also involve a "production coefficient. q, the same for .

both.
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The direct method makes use of a rocket-borne Langmuir probe,

data from which are telemetered back to a ground terminal. Generally,
records are obtainable on both upgoing and downcoming portions of the
trajectory (though these may not coincide). For reasons of practicability
the method is limited to heights less than about 150 kn. It also is expensive
for regular or frequent use. It requires special facilities for rocket launch
and provisions for safe rocket impact on return. The method has been useful
for exploring the D and lower E regions of the ionosphere where the indirect
methods do not perform well. It has produced interesting information about
structural features which may be involved in "sporadic El transmission.
Other rocket-based techniques also have been used for more specialized
purposes [4, 7, 8].

The two indirect methods both make use of radio techniques. Both
depend on the return of radio signal energy from the electron gas structure
in a radar-like mode. However, the two energy return mechanisms differ
greatly.

One indirect method--the Thompson scatter, or incoherent scatter,
method- -operates at a frequency high enough for the wave to penetrate the
ionosphere completely. The frequency, typically, would be in the VHF or
UHF range. Energy in a high-power narrow beam, illuminating the ionosphere
along a vertical boresight axis, is incoherently scattered by each of the very
many individual electrons. The level of the scattered power received on the
ground in a given range increment is proportional to the electron density in
the corresponding height increment. The method is primarily applicable to
regions having rather large values of electron density. Because most of the
incident wave energy penetrates the ionosphere completely, the method is
capable of acquiring electron density data from regions above the height at
which the density is maximum. Thus it does not suffer from the 'valley"?
problem inherent in the next method to be described. Principal disadvan-
tages are inability to produce data when the electron density is low and the
requirement for a large antenna structure and a high level of radiated power.

In contrast to the incoherent scatter method, the second indirect
method makes use of frequencies below that at which the wave penetrates
the entire ionosphere. Typically, this means frequencies from around 10

MHz down to some lower limit, ordinarily about I or 2 MHz. Return of wave
energy is a consequence of 'reflection' at a height where ± is nearly zero
(4 - 0 at reflection only if Z a 0). A radar technique is used to measure the

effective range' of the ionosphere as a function of frequency. The process
is called "ionosphere sounding," the device is called an 'ionosonde," and
the record which it produces is called an "ionogram. " The ionogram is ajgraph of round-trip signal transit time, interpreted as an effective, or

I4()



"virtual," height, plotted as a function of sounding frequency. * Since it is
common to use the symbol h' (though we have used hv) for virtual height and
f for frequency, the functional relationship which is graphed is h'(f). The
graphs (ionograms) are commonly called "h-prime (of) f curves. "**

As long as the electron density increases monotonically with height,
the real height of reflection (but not necessarily the virtual height) will increase
continuously with frequency. If the profile is not monotonic, but has a local
maximum, the condition for reflection will not again be satisfied above the
height of maximum unless at greater height the electron density again rises
above its value at the maximum. As a consequence, the real height of reflec-
tion will jump discontinuously if a local (or global) maximum is encountered

in the profile function.

Thus, it is characteristic of the method that any region having an
electron density less than that in some lower region is obscured from view.

As a result, returns cannot be obtained from regions above the major (global)
maximum of electron density or from regions which represent a "valley' in the
electron density profile. The first is no disadvantage (jamming and communi-

cation signals would not be returned to earth from that region anyway); the
second may be because a relevant portion of the profile is passed over, not
being sampled continuously in height.

The last described method does not give the electron density profile
immediately. The signal is reflected at a real height' where the value of 4
is, essentially, zero. The height measured, the virtual height, differs from
the real height because the signal group velocity becomes low as the reflection
height is approached. The height difference can be large, especially if the wave
passes slowly through a region of small gradient of electron density just below
the reflection level. To get the electron density profile, the virtual height
curve must first be converted to a real height curve*** [ 1, 2, 4]. Then,

:-Examples of calculated ionograms will be given at a later stage in the

discussion.

*,.'In British practice p (for "path") is generally used instead of h and the

graph representing p'(f) becomes a "p-dash (of) f curve. "

':*:It is at this point that the "valley problem" arises. In the region where
a valley exists, the real height of reflection is indeterminate. Because the
valley region is not continuously scanned or sampled by the reflected wave,
information about profile details in this region is lost; only an aggregate effect
of the region is retained. The virtual height to real height conversion cannot

be made in the valley and will be in error at heights greater than the upper
edge of the valley. Ordinarily this is not a catastrophic failure (except for
researchers x,.,ho want to know what valley contours look like). The error
frequently is small (because valley depth is shallow) and it generally diminishes
rapidly with further increases in height.

50



I
I

using the reflection condition and Equations 2-26 and 2-20, the frequency
scale of the ionogram can be converted to an electron density scale.

Because the 'reflection' process is coherent and, indeed, quasi-
Sspecular the level of power required for this method is low--of the order

of a few tens of watts average. It is feasible to use the method for empirical
determination of ionospheric data concurrent with use. Evidently, it can
only produce a profile over the position where the sounding equipment is
located.

It is by the ionosonde method that the preponderance of information
about the spatial and temporal morphology of the ionosphere has been obtained.

Basic data for model construction can be extrapolated from historical
records of empirically determined information. This is possible because
behavior patterns having a degree of regularity are discernible in the histor-
ical record sequence.

During the decades of the 1950s and 1960s, much effort was expended
in collecting data about the ionosphere. Some of this data has been u'sed to
construct models which give synoptic representations of certain ionospheric
parameters. A description of one such model is obtainable from the C. C. I. R.,*
an agency of the International Telecommunications Union [9]. Additional or
later information may be available from contributing agencies. Representa-
tions of this sort, based on data acquired in historical sequence at a limited
set of locations, provide a means for extrapolation in time and interpolation
in location.

The C. C. 1. R. model does not represent electron density profiles per
se. From the ionospheric parameters which it does represent, profiles of
limited form can be constructed. Since the model represents monthly medianjvalues of the parameter observations on which it is based, profiles constructed
from it also will reflect that property. Access to major computing capability
is required to exploit this model to best advantage. Data from this source and

Sothers have been used to determine parameter values for construction of a
set of electron density profiles [4, 6, 7, 8, 9, 10].

2. 2.4 Electron Density Profile Models

The topic of this subsection is construction of a set of electron density
profile models. Referring to them as a set" implies some organizational

::Initials for the French language version of International Radio Consultative

5 Coninmittee.
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relationship among them. In this instance the organizing principle is sampling
the range of regular temporal variation. It is intended that each member of
the set be realistic, if not real. It further is intended that each member be
''representative"4- of the temporal context from which it is drawn. The spatial
context from which the set as a whole is drawn is the region of moderate geo-
magnetic latitude.

The intent is to show a method by which profile models can be con-
structed and to assemble a set with which to illustrate the principal phenomena
related to sky wave mode of signal delivery. The set is not intended to be
a comprehensive catalog of all significant cases, nor are the members intended
to be relatable to specific time and place.

The a-Chapman function** has been selected as the basic building
block for model construction. It is flexible, reasonably simple, and does
have some relationship to physical process. It can provide a good represen-
tation of E and Fl region structures. It is less well suited to representation
of the F2 region in which the physical processes are less a-Chapman like,
but it suffices.

Alternative choices for building block functions are available. One
is the parabolic, or quasi-parabolic, layer. These nonphysical functions have
the advantage that, properly formulated, analytic solutions for trajectory
parameters are possible. This property obviates the necessity for using
incremental ray tracing procedures. However, this advantage seems realiz-
able only if the layers are kept discrete, i. e., nonoverlapping. The result
is a somewhat unrealistic electron density profile. Nevertheless, parabolic
and quasi-parabolic layer form functions have found application in some
communication forecasting procedures [ I I ].

!'Use of the adjective 'typical' in this context has deliberately been avoided.
A 'typical- member of a class is one to which other members bear some
evident similarity. When the details of class members vary widely, it may
be hard to find one which can be called 'typical.' On the other hand, if
pertinent characteristics of class members are each averaged over the
class, a representative" member description can be synthesized. The
problem is a little like that of trying to specify the temperature of a man
with his feet in a refrigerator and his head in an oven. It is hard to assign

to him a typical temperature. He appears, at once, both to be hot headed
and to have cold feet. Yet, an averagt temperature is definable which, in

a limited sense, is representative of his condition.

:f'r)escribd in subsection 2. 2. 3.
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The a-Chapman function is given by the following expression, -[ 11

N(h) = Noexp {(/Z)[ - z - (sec y) exp (-z) 2-31

in vhich

N o 0 (qo/a)1/2, z =(h-hol/H

When thc function is expressed in this form the roles of several physical

parameters are made evident. The parameters appearing are the electron
production rate coefficient, qo' the electron recombination coefficient, a,

the solar zenith angle, x, and the layer scale height (a measure of layer
thickness), H. It is convenient to absorb qo and a into N o because both of
the former are difficult to evaluate, either theoretically or empirically,
whereas N o is subject to straightforward evaluation by empirical means.

When X - 0, the a-Chapman function, N(h), has a maximum at

z - 0 (i. e., ath ho). The value, N(ho), at the maximum is N o . Making

use of Equation 2-20, Equation 2-26 and the concept that reflection of the wave
occurs at a level where t = 0, the value of N o can be related to a critical
frequency, fo, for which i a 0 at h = ho.

No f2 4v Eo m  2-3a0 e 2

If fo is in 14z and No is in electrons per cubic meter, then

N o . fo2 /80.6 2-32b
0

When the wave frequency equals the critical frequency, wave reflection
occurs at h = ho . At any higher frequency, the wave would penetrate past
the layer maximum. An example of the a-Chapman function is shown in
ligure 2-3 for the case X = 0. ** The values of the parameters used are given
gixen below the graph, and their meanings are noted on the graph.

1By making two simple substitutions into Equation 2-31, it can be
i rast in a form which brings out some interesting properties of the

fbnction. If we set

,r,, \ is the solar zenith angle, not the index of absorption.

I, mav seem strange to plot the independent variable, n, on the ordinate
and the dependent variable, N(h), on the abscissa. However, this is custon-
ar\ for tihe sake of the psychological value of having height on a "vertical'

axis. It also is in accord with use of the ordinate for height in ionograms.
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No Nm(sec X)1/2, z x + Insec x 2-33a

i then,

h m =h o + H In sec X, x z: (h - hmn)/H 2-33b

and,

N(h) = Nm exp ((I/2)[I - x - exp (-x)]} 2-34

Like Equation 2-31 when X = 0 and z = 0, Equation 2- 34 has a maximum for
x - 0 (i. e. , for h = hm). The value, N(hm), at the maximum is Nn.
Note that the shape of the exponential term in Equation 2-34 does not depend
on X (as it does in Equation 2-31). Thus, changing the value of X moves the
height of maximum from ho at X = 0 to hm = ho + H In sec x at nonzero
values of ). The value of Nm changes from N o at X = 0 to No(cos X) / 2

for nonzero values of x. Changing X simply shifts the curve in h and scales
the value of N(hm).

For purposes of model construction, X has been set to zero and layer
configuration controlled by setting ho, N o and H. This is a more tractable
proced'Lre than trying to retain X variation. Real ionospheric layers do not
vary with solar zenith angle quite in the manner of the a-Chapman function,
especially in the iZ region and during the dark hours.

The construction of a composite profile model is illustrated in Figure
2-4. At the top of Figure 2-4a (left page) two a-Chapmanfunctions are shown, one
at I.evl I rteprcsenting an E region and another at Level 3 representing an
F region. :T 'hT. Level I parameter values are: ho -- 110 kin, H = 10 km and

fo 2.4 Miiz. The ILevel 3 parameter values are: ho = 210 km, H = 40 km
and fo - 5.4 Mliz. When these two functions are summed, the composite
profile nodel at the bottom of Figure 2-4a is obtained. The profile represents
ionization in tlhe E region and in the undivided F region.

(;iven the expression for a profile such as that in Figure 2-4a, it is
possible to compute the corresponding virtual height/frequency curve, i.e.,
to produce a synthetic ionogram"--one which is calculated rather than

measured. The first step is to find the real height of reflection as a function
of frequency, hr(f). In truth, since the function N(h) is known, it is more
Vxpeditious to find the inverse function, f(Nlhr)), using Equations 2-20 and 2-26,

than it is to find hrlf). The function f(N(hr)) is the frequency which would be

:-'Ievel 2 ,.ill be used in later illustrations.

I
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reflected at height hr on account of the value N(hr) of the electron density

(compare Equations 2-32).t2
ftN, hr))_r--~2r~[jn- / 180.6 N(hr)J 2-35

The real height curve corresponding to the profile model of Figure 2-4a is

the lower curve in Figure 2-4b (right page). This curve, of course, would

not appear on a real ionogram; it is not measurable.

The second step in production of a synthetic ionogram is to compute

the virtual height, h v , correspo',ding to the real height, hr, at each synthetic

'sounding frequt-ncy. Tht. virtual height is just the one-way group path for

a vertical trajectory 1, 2, 41. For the conditions Z - 0 and Y = 0, the

virtual height can be evaluated from the following expression.

hvi f) dh 2-36U f, 1h)

0

This integral can be evaluated numerically, using Equations 2-26, 2-20,

and 2-31 to evaluate wf, h. The virtual height curve--the hb(f) curve--

corresponding to the profile model of Figure 2-4a is the upper curve in

Figure 2-4b. Note the significant difference in real and virtual heights,

especially in the neighborhood of the frequency (2. 5 MHz) at which the

wave penetrates the E region and is reflected from the F region.

The level parameters chosen for the example in Figure 2-4 produce
a profile representative of a winter day at a time of low sunspot number

(010). Additional examples of the construction of composite profile models

are shown in Figures 2-5, 2-6, and 2-7. Level parameter values for these

figures (as well as for Figure 2-4) are given in Table 2-2.

Figure 2-5 differs from Figure 2-4 primarily by the addition of a

third a-Chapman function at an intermediate level (Level 2). The third
function was added to represent an Fl region process which is a feature

of summer profiles. The critical frequencies of the functions have been

adjusted from the winter day values to represent summer day conditions.

That of Levl I has been raised slightly and that of Level 3 has been lowered

slightly. Te value of ho for Level 3 has been raised somewhat. Note that

the inflection in the profile between the Fl and F2 regions has caused a
second cusp to appear in the synthetic ionogram I Figure 2-5b).

-The x at the end of the curve signifies ray penetration of the model
.)nosphe re.
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Table 2-2. Layer parameter values for profile model examples.

Figure 4 Winter Day Low Sunspot Number (010)

Level 1: 11 110 kin, H 10 km, fo = 2.4 MHz
Level 2: Absent

Level 3: h, =210 km, H 40 km, fo =5.4 MHz

Figure 5 Summer Day Low Sunspot Number (010)

Level 1: ho = 110 km, H = 10 km, fo = 2.95 MHz
Level 2: ho 16 0km, H = 20 km, f0 = 3. 6 5MHz
Level 3: h = 250 kin, 11 = 40 kmn, f0 = 4. 70 MHz

Figure 6 Summer Day High Sunspot Number (200)

Level 1: ho = 110 kin, H =10 kin, fo 3. 80 MHz
Level 2: ho =177 km, H =30Okm, fo =5. 00MHz
Level 3: ho =375 km, H =90km, fo= 7. 40MHz

Figure 7 Winter Day High Sunspot Number (200)

Level 1 I: 1o=I10 kin, H 10 kmn, f. = 3. 30 MHz
LevelZ2: ho =16O0km,H =25 kmn,fo =3.10MHz

Level 3: ho z3.15km, H = 70 km, fo = 14.40 MHz
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Figure 2-6, for a summer day at a time of high sunspot number
(200). is similar to Figure 2-5 in character. However, the critical fre-
quei. s have been scaled up and the value of ho for the FZ region has
been raised.

Figure 2-7 illustrates a different application for a function at Level
Z. It is used to nearly fill a potential deep valley, without producing an FI
region signature on the profile or in the synthetic ionogram. The Fl region
signature is seldoma feature of winter profiles except at low values of
sunspot number. An alternative method for filling the valley would be to
increase the scale height (H) of the Level 3 function, omitting the Level 2
function. When this was attempted, it turned out that, by the time the Level
3 scale height was made large enough to control valley depth, the Level 3
function contributed too much to the electron density at heights on the low
side of the Level I function. Note that the synthetic ionogram of Figure
Z-7b shows no cusp corresponding to a transition from the Level 2 to the
Level 3 function. That is because the profile of Figure 2-7a shows no maxi-
mum or inflection point related to the Level 2 function.

Using the principles just described, a set of twelve electron density
profile models has been constructed. The models are presented in Section
2. 4, in association with other types of diagram derived from them. Infor-
mation has been drawn from a number of sources to guide selection of the
functional forms and the parameter values used to construct the profile
models [1, 4, 6, 7, 8, 9, 10].

6
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2. 3 PATH LOSS CONCEPTS

In Chapter 1.0, the concept of transmission loss was introduced
in generalized form. At this point in Chapter 2.0 the necessary background
has been established for application of wave propagation principles to the
estimation of transmission loss in the skywavecase. The task of this sec-
tion is to detail an estimation procedure.

I Loss Mechanisms

In Chapter 1.0 the path loss, Fph, was defined in terms of the trans-
mission loss, Ftn, and the two antenna gains, G t and Gr, through the fol-
lowing relation.

tn = F ph/GtGr 2-37

We shall assume for the moment that Gt and Gr are known and understood
and shall concentrate on evaluating Iph.

In the sky wave case, it is convenient to break ph down into four
components, partly because differeing mechanisms are at work and partly
for convenience in calculation. Toward this end, the makeup of 1ph can
be shown as the product of four factors.

v r ':: : F * F 2-38a
ph h i d a

In decibel form,

)ph ' "'h + Ni +  Nd +  -a 2-38b

The factor h signifies a quantity which we shall name'hearability.' It is
a discrete variable having only two values, unity and zero. It expresses the
possibility- -or the impossibility- -that a ray trajectory can exist between
the path terminal points. Evaluation of hearability will be discussed in sub-
section 2. . 2 under the heading Ray Path Properties. The initial loss, E i,

arises from the mechanics of radiating and receiving the wave. It is con-
venient to discuss it in conjunction with Fd . The divergence loss, rd, is a
consequence of the spreading of the wavefront as it recedes from the source.
It is the subject of subsection 2. 3. 3. The final one of the four factors, Fa,
accounts for power dissipated in the medium along the ray path which the
wavefront traverses. It will be treated in subsection 2. 3. 5.



I
There is a theorem which it is convenient to introduce at this stage

in the discussion. It is called the Secant Law and is a part of Martyn's
equivalence theorem [1,2,4]. It can be stated as follows:

In a plane-stratified field-free collisionless ionosphere two rays,
one incident normal to the stratification planes and the other inci-
dent obliquely to the stratification planes at an angle ( to the
normal, will have the same real level of reflection if the wave
frequencies associated with the two rays satisfy the following
relationship:

foblique = fnormal sec 2-39

For a horizontally stratified structure, "normal" is 'vertical."

One interpretation of equation 2-39 is that at a given real reflection
height, hr, for a value of electron density N (hr), oblique rays can have a
higher frequency than can normal or vertical rays.

Another interpretation is obtained if the frequency associated with
the vertical ray is a profile critical frequency, fo,normal. Then the height
of reflection, hr, of the vertical ray will be ho for the profile. For a given
value of frequency associated with the oblique ray, a critical angle, 0o , is
defined through Equation 2-39.

sec 4o = foblique 2-40
o, vertical

For a given frequency foblique, rays incident at angles greater than 4)o will
be reflected but rays incident at angles less than o will penetrate past the
profile maximum at ho. This critical angle phenomenon is a little like the
critical angle for total internal reflection in optics. It is the basis for the
so-called 'iris effect.' The critical angle, ( o , clearly depends on the value
of electron density, No, at the height of maximum, ho , and on the wave
frequency, foblique"

The second part of Martyn's equivalence theorem states that:

Under the conditions for which the Secant Law is valid, the virtual
(or apparent) height of relection*: of an oblique ray is the same as
the virtual height of reflection of the equivalent vertical ray.
"Equivalence' mcans that both rays are reflected at the same real
height.

::See Figure 2-2 for the counterpart quantity in the spherically stratified
geometry tase. 69
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In a spherically stratified profile model, the Secand Law as just stated
does not hold precisely. Nevertheless, the concepts of real height equiva-
lence between vertical and oblique rays and of a critical angle, o,, are still
valid. They are just harder to determine.

Since the second part of Martyn's theorem is based or, the Secant Law,
it too is not strictly valid in a spherically stratified medium. However, if
the portion of a trajectory which is within the ionosphere does not subtend
too great an angle at the center of the earth, so that the medium curvature

which is spanned is not too great, then Martyn's theorem gives useful answers.
If a plane stratifiecd ionosphere, with its normal vertical at the center of a
trajectory. is substituted for th, spherically stratified ionosphere above a
spherical earth surface, the combination may be called a 'hybrid' model.
Such a model permits simplified calculation of the portion of the trajectory
internal to the ionosphere and avoids the errors engendered by assumption

of a plane earth surface in calculation of the portion external to the iono-
sphere. Application of this hybrid (''H) model will be discussed in sub-

section 2. 3. 4.

2. Rav Path Properties

Given an electron density profile model, the Bouguer formula
(Equation 2-29) can be used to trace a ray through the medium specified
by the nmodcl rhe trajectory paranmetcrs (Figure 2-2) for the ray can,
thercby. he dete. rnlincd. If the pro(ess is repeated for a number of rays
launc hed at diffcrc.nt values o elevation angle, an empirical functional
relationhip bctw\e en ground range,, D, and elevation angle, 3 . can be

,tahl ishtd An example of such a relationship is given in Figure 2 -8. To

pro1duce tl!i- tigur,, ray trajectories were calcdlated for 91 values of 3 , in
oft dledgrc, ncremnents from 3 = 0' to i = 90 V, using the profile structure
oiven in Figure 2-4. It is convenient to call the graphical presentation ot
tra.iectory parameter data a 'transmnission diagrani,' in this a-ast an

anile/range transmission diagram.

In igtgre "-8 a ray launched at an elevation angle if Wk La

s -clccd as an examplh. Fe diagran shows that this ray spin i
ranQ,. of about i20 kni. Note that the angle/rang' cturvt i r !!,t'

opt-ratinQ. frequcency of 2. 0 MI-hz. Fron Figure 2-4b. i'- , .

opt'rating frt, picnt y is lower than thc E-region k rit:, 'il ,V

the fi rst -usp on the virtual height turt of the svnl :,

won--
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The diagram of Figure 2-8 shows that a ray path is possible at all

ground ranges between 30 km and about 2100 krn.* For this case the factor

rh has the following functional form.

rh = 1 0 S D S 2100 km

2-41
rh = 0 2100 km< D
h

The shape of the curve in Figure 2-8 is characteristic of cases in which the
operating frequency falls below the lowest layer critical frequency in the

model and, hence, below the lowest cusp in the virtual height curve. For

this case, all transmission- -the entire curve--involves reflection from

E-region levels only. The operating frequency is too low for penetration

to F-region levels, even for = 900.

Figure 2-9 is an angle/range transmission diagram, using the same
profile model as Figure 2-8, but for an operating frequency of 4.0 MHz.

This frequency has been chosen to lie between the two critical frequencies
of the profile model and, thus, between the cusp and final penetration fre-
quencies of the virtual height curve. The functional form of rh for this

diagram is essentially that of Equation 2-41. However, the curve shows

an interesting additional detail for ground ranges between about 350 and
600 km.

The cusp in the angle/range curve marks the elevation angle which
separates ray reflection in the E-region from ray reflection in the F-region.
At higher elevation angles, trajectory apogee** is in the F-region; at lower,

it is in the E-region. The critical elevation angle in the case depicted is
about 38 °

This curve also exhibits an E-region "skip" range of about 350 km.
This is the minimum ground range which can be spanned by a trajectory
having its apogee in the E-region. At a ground range of 400 kin, the

*Actually, ray paths are also possible for ground ranges less than 30 km.

Because the operating frequency, 2.0 MHz, is lower than the highest pro-

file model critical frequency (5.4 MHz), ray paths are possible to zero
range.

* -Apogee: The highest point on a ray trajectory.
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i
diagram shows that three ray paths are possible at elevation angles of
about 28 0, 370, and 43 .* There is a low E-ray and a low F-ray. These
are the "normal" rays for the E- and F-regions. Also shown is a high
E-ray. Rays of this latter sort are commonly called Pedersen rays. Even
though three ray paths are possible at ground ranges between 350 and 600
kin, the factor rh is given the functional value unity in this range. **

The shape of the curve in Figure 2-9 is characteristic of cases in A
which one profile model critical frequency and one cusp in the synthetic
ionogram lie below the operating frequency.

Suppose, now, that an operating frequency is selected above the
highest critical frequency of the profile model, i.e., above the penetration ij
frequency shown in the synthetic ionogram. For the model of Figure 2-4,
6.0 MHz would be such a frequency. Figure 2-10 shows the transmission
diagram produced for that frequency.

A new feature appears in this diagram. At elevation angles above
about 64 0, no rays return to earth. This is an example of the "iris effect"
mentioned in discussing the Secant Law (subsection 2. 3. 1). The critical
angle (4o of Equation 2-40) is, in this case, approximately (90 - 64) = 260.
There is exhibited an F-skip range at about 325 km as well as an E-skip
range at about 610 km. No rays at all are returned to earth at a range
less than about 325 km. No transmission is possible to points within this
"skip zone" by normal sky wave means. Unless ground wave coverage
extends to the F-skip distance, an annular zone will exist which is unreachable
on this operating frequency.*** At a range of 350 kn, two possible rays are

*This is not a consequence of a birefringence property. It is purely geometrical J
in origin. If birefringence were added to the model, six trajectories would be
possible.

**In a more elaborate treatment, rh might be allowed to assume a more com-

plicated form to account for interference effects among multiple rays. Here it
is used only to indicate "hearability," i. e., that "at least one ray is possible" or
"no rays are possible."

***The drop in signal amplitude as range decreases past the skip contour is

truly dramatic. However, the signal strength within the skip zone is not
strictly zero. The skip contour is a ray "caustic," on which signal amplitude
cannot be computed on the basis of ray theory; the theory breaks down on such

loci. Resort must be taken to diffraction principles. Some signal energy is
diffracted within the skip contour. Other mechanisms, principally scattering
from irregular structures, operate to "illuminate" the skip zone dimly. The
illumination level is generally low and unpredictable.
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shown, low and high F rays. At 700 km, three possible rays are shown

as before. Actually, a high F ray also is possible at all ranges above

325 km. It does not show beyond 370 km on this diagram because, at an

elevation angle V° greater than that which gave the 3700 range, the ray

penetrated the ionosphere. The missing part of the curve beyond 370 km

could be produced by tracing rays at much smaller elevation angle incre-

ments, perhaps 0. 10 above 64 ° .

Again, the shape of this curve is characteristic of cases in which

the operating frequency is above the highest profile model critical frequency

and in which a second critical frequency is present below the highest one.

The radius of the skip zone is a function of the ratio of the operating fre-

quency to the highest profile critical frequency, increasing with that ratio.

The hearability factor, rh , for this case would have the following functional

form.

rh = 1 325 km5 D:5 2200 km
2-42

rh = 0 D< 325 km: 2200 km< D

So far only the properties of single-hop trajectories have been

considered. Multiple hop trajectories are possible. Each hop can sepa-

rately be treated like a single-hop case. Two hops are coupled by assuming

the same elevation angle for both (i. e., specular reflection) at the inter-

mediate ground reflection region. It is possible, in concept, to use a

different profile model for each hop. If the same profile model is appro-

priate in the apogee region of all hops, then the hops will be identical and,

at 4.0 MHz, a diagram like that in Figure 2-11 will be produced from the

model of Figure 2-4. Note that at a given angle (510 in the example illus-

trated), the possible ranges are in the ratio 1:2:3 (in th( example, 300,

600, and 900 km).

Along with the atlas of electron density profile models presented

in section 2.4, there is presented an atlas of transmission diagrams asso-

ciated with the profiles. For each profile, several angle/range curves have

been derived at appropriate operating frequencies to illustrate behavior of

the hearability function.

2. 3. 3 Divergence Loss

If a wave is launched into free space from a compact source, the ray

trajectories associated with the wavefront are straight radial lines. If a
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small closed curve lying in a wavefront is described, the rays passing
through it define a conical increment of solid angle. If ray theory is,
indeed, applicable, it follows that the power launched (radiated) within
the cone stays within the cone. The area of wavefront intersected by the
cone increases as the square of the distance of the wavefront from the
source. Thus, the wave intensity (power density: watts/meter2 ) will

diminish as the square of the distance.

Whenever ray (i.e., geometrical optical) theory is applicable, the same
principles generally apply even though the rays are not straight. The dif-
ference is that the ct-oss-sectional area of the "ray tube," and the wave
intensity, no longer vary exactly as the square of the distance from the
source. The "once in the tube, always in the tube" principle makes it
possible to compare signal intensities at different points along a ray
central to the tube simply by computing tube cross-sectional areas at the
two points. WaN e intensity is inversely proportional to tube cross-sectional
area.

It is possible to get into trouble with this principle. If the ray tube
should collapse so that its cross section becomes a line (like the fill end
of a toothpaste tube), the tube cross-sectional area becomes zero. The
same occurs if all the tube wall-defining rays should pass through the same
point. The latter is familiar as the geometrical image of a point in a
simple anastigmatic lens system. If the power density in the wavefront is
non-zero at other tube cross sections, it would appear to go infinite at

such zero-area cross sections. This "unreal" result occurs because ray
theory is not applicable to the calculation of wave intensity at such points.
Diffraction theory (physical optics) must be used. If we are careful to
avoid such "crimped tube" situations,* ray principles may be applied to
the estimation of sky wave field intensity.

Figure 2-12 is an attempt to portray a bent ray tube such as might
occur in sky wave cases. The surface of the earth is represented by a
circle arc, El, E2 , E 3. On the surface at T is located a compact source.
Through this location a radial line is passed from the center of the earth,
C, to T'. Two planes, mak'ng an azimuth angle, A4, with each other at T,
are passed through the line CTT'. They are the planes CTT'A'AC and
CTT'B'BC. The corner B' is beyond the corner A' in the sketch. The
planes intersect the surface of the earth in great circle arcs, respectively,
TA and TB. From the source four rays are launched, two in each plane.

*:The loci formed by such "crimps" are called ray "caustics." L
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In each plane the rays are at elevation angles 3 and (6 + AP). At a

distance R along the rays, before they start bending on entry into the

ionosphere, a tube cross-sectional area called "initial area" is defined.

Just before the rays intersect the earth, a similar tube cross-sectional

area called "final area" is defined. As the tube intersects the earth, a

surface area is defined which is not normal to the central ray of the tube.

It will be convenient to assign the value 1 km to the radial distance,

R, to the initial area. There is no special magic in the particular value,

1 km. It is, simply, large enough to avoid the pointed tube end at T and

small enough to occur well before ray bending in the ionosphere sets in.

The basis now has been established for computing Fi , the initial loss.

If the source at T radiates, in an isotropic pattern, an amount

of power, Pt (watts), then the power density, S (watts/m 2 ), at the initial

area can be calculated. It is

Pt

4TrR 2  2-43

If an isotropic receiver were located at the initial area, the power available

from it, Pr, would be (A is the isotropic absorption aperture)

k2 Pt ' 2 -

P = AS = - -P - P2 2-44
r 4Tr 4TR 2  -

The initial loss, Ti , is defined as Pt/Pr for this case; thus,

(La47r) 22-45

Thus, ri is a special case of the free space transmission loss, Tb. It is

a function only of the wavelength (or frequency). If R is re-expressed in

kilometers, R = Rkm * 103 , and if Rkm= 1, then

S2-46a
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The loss can also be expressed in decibel form,

yi= 10 Logr i = 10 Log (1* 103)2

= 20 [Log (4w * 103) - Log A]

i = 81.98 - 20 Log X (dB) 2-46b

It also is convenient to have yi expressed in terms of frequency, i-.stead
of wavelength.

=i 20 [Log (4 r * 103) - Log (c/f)]

= 20 [Log (4 T * 10 3 /c) + Log f]

= 20 [Log (4 n * 10 3 /299.7925) + Log fMHz1

i = 32.45 + 20 Log fMHz (dB) 2-46c

At the limits of the HF range, Yi has the values

i 2. 0 MHz = 32.45 + 6.02 = 38.47 dB

i 32. 0 MHz 32.45 + 30. 10 = 62.55 dB

It might be said that the initialloss (r i , ,i) is the price for "going the first
kilome ter. "'

If, now, the isotropic receiver is moved to the final area, an addi-
tional loss occurs. This additional loss may be called the "divergence loss,"

rd. It is defined to be

r= Wave Intensity at Initial Area 2 -47a
d Wave Intensity at Final Area

, By the "once in the tube, always in the tube" principle, rd can be expressed
in terms of the initial and final areas.

Final Area Z-47b

d Initial Area

The problem now is to calculate the two areas.
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Calculation of the initial area is straight forward. It is

Initial Area = R f* R * AL * cos 2 2-48

Calculation of the final area is a little trickier. It can be found in terms

of the surface area defined by the intersection of the ray tube with the

earth. The longitudinal (in the ray plane) dimension of this area, is AD.

The transverse (between ray planes) dimension is &P * a * sin (D/a), in

which a is the radius of the earth. The final area is at an angle P to the

surface area. Thus, the final area is

Final Area = AD -sin 6 * A4) * a * sin (D/a) 2-49

The divergence loss, rd , is (via Equation 2-47b)

(AD) a sin p sin (D/a) 2-50

(A) R cos P

If D (and, of course, &D), a and R are re-expressed in kilometers and

Rkrn is set equal to unity,

ADk ak sin 1 sin (Dm/ak) 2-51

d AP cos (3

If D could be expressed as a function of B, and if dD/d3 could b.e

found, this expression might be written just in terms of one of the variables,

either 6 or D. There is, in general, no simple way to do this. The func-

tional relationship depends on the details of profile shape and on the fre-

quency. Fortunately, however, that functional relationship between P and D

is just the one portrayed by the angle/range curve of the transmission dia-

gram. All the data required to calculate rd are contained in the ray

parameter sets used to produce the angle/range curve of the transmission

diagram.

It is convenient to express the divergence loss, rd , as a function of

the ground range, Dkm, rather than the elevation angle, P. The procedure

for accomplishing this is illustrated in Figure 2-13. For any given ray,

Dkm is given for a specified value of P. For two adjacent rays, the angle

increment, AP, is specified and the ground range increment, ADkrn , can

be found. Starting at the left scale of Figure 2-13, an angle, 3, and incre-

ment, AP3, are specified. Via the angle/range functional curve these define

values of Dkm and ADkm. For these, a value of rd is found by Equation 2-51
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and plotted, against the right hand scale, to span the increment 6D. Thus,
a loss/range curve having a stairstep form is produced. The "treads" of

the stairs give the loss values computed for the range increments which
they span. The 'risers" of the stairs serve only to show the order in
which the treads are connected. Thus, Figure 2-13 shows a transmission
diagram in which a loss/range curve has been added to the angle/range
curve of Figure 2-8.

It is informative to compare the divergence loss shown in Figure 2-13
with free space values for corresponding distances. Recall that with this
profile model, reflection was from the E-region of the ionosphere at 2.0
MHz. For very short ground ranges, the signal travels to the ionosphere
and back, a distance of about 200 km for E-region reflection. The inverse
square law divergence loss for that distance would be

rd 1200 km = 20 Log (200/1) = 46.0 dB 2-52

In Figure 2-13 the value of Id for Dk- = 30 is about 47 dB. At a ground
range of 3000 km, the height of the ionosphere can be neglected and the
ray path length assumed to be 3000 km. For inverse square law diver-
gence loss at this distance, the value would be

Id 3000 km = 20 Log (3000/1) = 69.5 dB 2-53

If the loss curve given in Figure 2-13 continued its initial !rend, it would
be close to this value at 3000 km. However, the loss actually diminishes
as the limiting range of 2100 km is approached. This is an example of a
phenomenon called 'horizon focusing." It is a geometrical phenomenon
that does not depend on profile. It is a sort of "whispering gallery" effect
that occurs when a source is inside of, but close to, a sperhical reflecting
shell.

Figures 2-14 and 2-15 are Figures 2-9 and 2-10 to which have been
added, respectively, the corresponding loss/range curves for 4.0 MHz and
6.0 MHz. Examine Figure 2-14 for a moment. To help unravel the loss
curve, it is useful to start at either the left or the right side and follow the
angle/range and loss/range curves together, recalling how the latter was
constructed from the former. Starting at the left, note the rapid increase
in loss as the limiting low F ray angle is approached. Note the badly de-
focused condition of the high E ray. This is an indication that the high ."
rays are likely to be unimportant as vehicles for signal delivery. Note
the very sharp focusing at the E skip range, where the loss value drops
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off scale at the bottom. At the E skip range, the "nose" of the angle/range
curve has a vertical slope. This implies that all rays launched within a1 small range of angles (about 42 *-43 * in this case) are directed to the same
ground range. Thus, the skip contour about a source is a ray caustic. Ray
principles are not applicable to calculation of signal strength right on this
locus. The loss value calculated is anomalously low.

The interpretation of Figure 2-15 proceeds in like manner, but the
behavior is just a bit more complicated. The fact that in Figure 2-15 the
skip focusing loss is greater than in Figure 2-14 is fortuitous. The mini-
mum value calculated depends critically on the exact manner in which the
selected elevation angle values happen to define the skip nose of the angle/
range curve.

To recapitulate, divergence loss is not a dissipative loss. It is
geometrical in origin. For one-hop trajectories, it will range between
about 40 and 75 dB, except in cases of strong focusing or defocusing. An
atlas of divergence loss/ground range curves is presented in section 2.4 in
association with the related profile models and elevation angle/ground range
curves.

2. 3. 4 Application of Real Ionograms

In subsection 2. 3. 2 it was shown how angle/range transmission
diagrams could be constructed from a profile model, given a specified
operating frequency, by a ray tracing procedure. Suppose that, rather
than a profile model, one has acquired a real concurrent ionogram. How
can one then proceed?

One tack is to proceed to invert the ionogram into an electron
density profile and, then, proceed as in subsection 2. 3. 2. There is
another method which, though it has limitations, is quite practical in
most instances. It is based on the Secant Law and Martyn's Theorem
stated in subsection 2. 3. 1.

A sample of a real measured iono-,ram is given in Figure 2-16.
This ionogram was produced on a digital ionosonde developed at South-
west Research Institute. Height/frequency pairs of values were listed
to a line printer from the ionosonde store. These pairs were manually
entered into a computer program which prepared a file compatible with
the synthetic ionogram files used to plot Figures 2-4b through 2-7b. To
prepare Figure 2-16, the real ionogram data were plotted on the same
grid format--using the same plotting program--as the synthetic iono-
grams. In Figure 2-16 the curve is virtual height. No real height
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Figure 2-16. Real ionogram.
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!
curve is available. The inclined straight segment of the virtual heightJ curve (between about 2.6 MHz and 3. 0 MHz) is a plotting artifact. No
date were available in this frequency range. The reason is the high
value of "deviative" absorption associated with ray penetration of the
E-region.

Assume an operating frequency of 2.4 MHz. The virtual/height
frequency pairs from the ionogram, at frequencies lower than 2.4 MHz,
can be used to define an oblique virtual ray apex angle, 0, (Equation 2-39)
and to give an oblique virtual height, hv. * In Equation 2-39, the frequency

foblique is the operating frequency and the frequency fnormal is the iono-
gram frequency. By Martyn's theorem the virtual height paired with fnormal
in the ionogram can also be used as the height of the oblique virtual ray
trajectory. From here it is a matter of simple trigonometry to calculate
the ground range and elevation angle, assuming the hybrid model with a
spherical earth surface. This calculation can be repeated for all available
ionogram frequencies below the operating frequency. **

In the ionogram shown in Figure 2-16, there are not many virtual
height/frequency pairs available below 2.4 MHz. However, since reflec-
tion at the lowest available frequency is from E-region levels it is rea-
sonably safe to extend the ionogram to lower frequencies at a height equal
to that measured at the lowest available frequency. This has been done to
produce Figure 2-17. The + sign on the curve at about 100 km ground
range is where the procedure "ran out of ionogram." The part of the curve
to the right of that point is extrapolated.

Figures 2-18 through 2-23 show transmission diagrams derived
from the same ionogram for higher operating frequencies. In each case
it is instructive to note where the operating frequency falls with respect
to the various features of the ionogram. The short period fluctuation which
occurs in the loss/range curves of some of the diagrams arises from the
discrete nature of the height scale used in the digital ionosonde. Because
of the missing data at the E/F transition in the ionogram, the E-skip phen-
omena are not as well defined in the angle/range curves as in those derived
from the profile models. Nevertheless, it is possible satisfactorily to
define the hearability function and to estimate the divergence loss.

*Similar to $ and hv in the spherical model portrayed in Figure 2-2, but in
a plane-stratified ionosphere.

**Ionogram frequencies above the operating frequency would give a value
of sec 0 less than unity.
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2.3.5 Absorption Loss

The difficulties involved in constructing a satisfactory model of the
index of absorption, X, or the absorption coefficient, K, were discussed

in subsection 2. 2. 2. For lack of a model based on physical processes,
it is necessary to fall back on an empirical model which is representative
of measured absorption data. That is, the functional form of the model
and its parameter values are chosen to fit adequately the measured data.
In that sense the model represents the data.

The C. C. I. R. of the International Telecommunications Union has
promulgated one such formula, suggested for general use [ 11]. There are
others developed by agencies which have contributed to the work of the
C.C.I.R. TheC.C.I.R. formulais

677.2 sec * d

Ya *9 (dB) 2-54a
a (f + f + 10.2

I= The larger of: 2-54b

(1 + 0.0037 (R12))(cos 0. 8 8 1y) 1.3

0.1

In these equations the symbols have the following meanings:*

'Ya - Ionospheric absorption loss (dB).

'P - Angle 'f ray path incidence on the 100 km level.

*At this point we run headlong into a morass of symbolic confusion. It is
common practice in the literature of this subject to use the symbol x both
for the index of absorption, which is part of the complex index of refraction,
and for solar zenith angle on which absorption is dependent. The former use
arose in subsection 2. 2. 1 and the latter in 2. 2. 4. The two uses for X should
not occur in the same expression. However, both appear in the text of this
subsection. Usually the context will make clear which entity is intended.
To compound this particular confusion, the term "absorption index" is used
in the literature to denote two different entities. The first is that symbolized
above by x. The second is symbolized by I and defined by Equation 2-54b.
The two entities are not the same. Neither should be confused with the
absorption coefficient, K , or the loss, K, defined later.

~.14
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f = Wave frequency.

fH = Gyrofrequency associated with the full geomagnetic field.

I = Absorption index (not to be confused with entity of the
same name symbolized by X).

R 12 = 12-month running average sunspot number.

X = Solar zenith angle (not absorption index).

Note that Equations 2-54 give the absorption loss directly in decibel form
Cya) rather than in power ratio form (Fa).

For our purposes it is more convenient to specify -Ya in terms of the
elevation angle of the ray at its ground intersection (P) than in terms of 4
given above. This can be accomplished by replacing the factor sec t in
Equation 2-54a by an equivalent function of P (akin is the radius of the earth
in kilometers).

sec 0 = /[I-(akmcos P /(akm+ 100)) 2 11/2 2-55

The absorption loss, Vya, is a function of five variables: P, f, fH'
X, R12. To develop a graphical representation of loss data, it is necessary
to break the calculation down into stages. Ordinary graphs are two-
dimensional representations. Thus, two variables can be combined
graphically to produce values of a single intermediate variable. The process
can be continued with pairs of intermediate variables. The order in which
the variables are entered into the process is important to the convenience
of the procedure. The variables least likely to change in a given situation
should be entered first, if possible. Thus, the variables most likely to
change will require retracing of only the final portion of the procedure.
The organization selected to solve the loss equation can be shown in flow
chart form.
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To handle the five independent variables, three intermediate variables and
four graphical stages are required. The intermediate variables, absorp-
tion index (I), equivalent frequency (feq) and loss factor(K) are defined
by the following equations.

I = The larger of: 2-56a

(1 + 0. 0037 (RZ)) (cos 0. 8 8 1X) 1.3

0.1

feq = f + fH 2-56b

K = 677.21/(feq1* 9 8 + 10.2) 2-56c

Finally,

- a = K/[1 - (a rn cos P/(akm + 100)) ] / 2  2-57

The graph set to solve Equation 2-54 is given in Figure 2-24. An
example of a solution is shown. The solution procedure is as follows:

(1) On Graph A, start at X= 50 ° Let RIZ = 45. Find I = 0.76.

(2) On Graph B, start at f = 3.36 MHz. Let f= 1.40 MHz. Find
feq =4.76 MHz.
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(3) On Graph C, enter values of I and feq from Graphs A and B.
FindK = 16.0.

(4) On Graph D, enter at f3 = 25 . Intersect K = 16.0 contour and
find 'Ya = 35.4 dB.

To facilitate production of a set of working charts for estimation of

Na , the data from which Figure 2-24 were prepared are given in Tables 2-3
through 2-6. These tables are not particularly convenient for direct use.
They have been arranged to facilitate plotting. To this end, each of the
parametric curves of Figure 2-24 is given as a function of the scale
variables. An atlas of working tables of absorption loss, arranged for
convenient use, is presented in section 2. 5.

Estimation of absorption loss by means of this empirical model has
some limitations. For a discussion of the limitations the reader is re-
ferred to the original sources [I11]. This loss model represents monthly
median data. There are daily variations about the monthly median. In
addition, there are variations related to factors other than those explicitly
accounted for in the model. Information about such "Expected Excess System
Loss' is given in tabular form in one of the references [11]. Median values
given for Expected Excess System Loss range from 9 dB to 29 dB. Spread
about the median ranges from -18 dB to +31 dB. Other factors considered
in the tables are time of day, season, geomagnetic latitude, and ground
range.

A point to note in the atlas tables is the very wide range of absorption
loss values which can be experienced. Absorption loss ranges from very
low values (as low as 0.5 dB) for large values of solar zenith angle and high
frequencies, to very high values (as high as 400 dB) for small values of solar
zenith angle, large sunspot number and low frequencies. These are one-hop
values.

It is absorption that limits signal delivery in the lower part of the
HF range during daytime hours.

2.3.6 Other Losses

If path loss is to be calculated for a multi-hop trajectory, at least
two additions to the procedure already described must be made. The first
is obvious. It is to combine the divergence and absorption loss estimates 7
for the individual hops. The second is to take account of the ground reflec-
tion loss at hop juncture points. This loss can be approximated by the mean -
square combination of the standard Fresnel ground reflection coefficients
for the two polarizations (parallel and perpendicular). The coefficients 7
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Table 2-3. Equivalent frequency.

(' 1,VAI FtlIT FRE '.IFIJCYP FF0 (MHT7 P AS A FItICT IOI

)F GYRO-FPEIJIFICYP PH* AIJD WAV\E-FPEOIJFI ICY# F

'N AV E FI)L GYRO-Ff4EO JFr4CY (MH?3)

OFF 1IEtICY,,
(%A"7) n.70 1.12 1.40 1.82

4 - ' '@ , 1

2.0(1 2.701 5.12 3.40 3.M2
2.8 A 1 3.vS 23 4 h
. 147n ,i. 12 9.4n 5.t2

6.18 7.06 7.48

8.11 m. 71 4.12 Q.140 9 .8?
I I . 1 1:1.11 12.4 itI ;. 71 13.15S

1(-%.0" 16.701 17.1IP 17.40 17. W~

2 .6.5 23. 7 l- 24,03 24.Th
.. ;) ip. 70 3 ". 1P 3 S*L,0 3 .M2

Table 2-4. Absorption index: solar variables (Parts ab,c).
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M'FG) 19. 4 31i.

N.i 1.018 1 .fl5 ,  1.l6 1.4"
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SOLAR TWELVE MONTH RUNNING AVERAGE
ZENITH SUNSPOT NUMBER (NUMERIC)

(DEG) 30. 60. 90. 120.

0.0 1.111 1.222 1.333 1.44s
5s0 1.107 19217 19328 1*438

10.0 1.094 1.203 1.313 1.422
15.0 1.073 1.180 1.287 19394
2090 1*044 19148 19252 1.357

25.0 1.007 1.107 1.208 1.309
30.0 0.962 1,059 1.155 1.251
3590 010911 1.002 10093 1.184

40.0 0.854 0.939 1.025 1.110
45.0 0.791 0.870 0,949 1.028
50.0 0e723 0,795 0.868 0,94O

55.0 0.651 0.716 0.782 0.847
60.0 07,7 0.634 0.692 0.749
65,0 00560 0.550 0.599 0,649

70.0 0.422 0.464 0.506 0.9548
75.0 0.344 0.378 0.412 0.447
80.0 09267 0.294 0.321 09347

85.0 0.194 0.213 0.232 0.252
900. 0.125 0.137 0.150 0.162
95*0 0.100 0.100 0.100 0.100

100.0 0.100 0.100 0.100 0.100

SOLAR TWELVE MOtNTH RUNrjIfIG AVERAGE
ZENITH SUNSPOT NUMB3ER (tIIJMEPIC)

ANGLE******* ** $, +t + * * * , t 4 4 , 4 4 4444

(nEG) 150. 180. 210. 240.
#4 I*$ # # f 4 4 t**144, ,t * * *444 * i f f4 #, 4 44 *-; 4 t44 1 4

000 1,599 1.bh6 1. 777 18:

5.0 1;549 1.660 1.770 1.881
10.0 1.9,31 1.640 1,79n 11859

15.0 1.502 1.609 1.716 1.823
20.0 1.461 1.565 1.6'Q 1.774
25.0 1.409 1.510 1.610 1.711
30.0 1,347 1.443 1.539 1.636
35.0 1.276 1.367 1.45! 1.549
40.0 1.195 1.281 1.36, 1.451
45o0 1.107 10196 1.P65 1.344

q0.0 1.012 1.084 1.197 1.24
91.O 0.912 0.977 1.042 1.107
60.0 0.807 0.*65 0.022 o.qmn
69.0 0.69Q 0.74q 0.79g 0*A4Q

70.0 0.90 n.632 O.e74 n.716

79.0 0.481 n.915 0.950 n.584
80.0 0.374 0.401 0.427 O.4S,
8550 0.271 0.290 0.310 0.3241oOr 0.174 0.187 0.199 0.212
95.0 0.100 0.100 0.101 0.107

I10r.) 0.100 0.100 0.1n 0.10f
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should be evaluated at the ray path elevation angle, P. Formulas for the
reflection coefficients can be found in standard texts on electromagnetics.*

Large and, generally, unforecastable anomalous increases in loss
are associated with two types of solar event [6, 7, 8].

Solar flares release intense bursts of x-rays which cause "sudden
ionospheric disturbances" (SID's). The consequence is a large increase
in absorption loss on the entire sunlit side of the earth. The effects last
up to an hour and can be catastrophic. It is, perhaps, some small conso-
lation that if such a condition prevents delivery of a jamming signal it also
probably prevents delivery of the communication signal.

Streams of charged particles emitted by the sun during solar flares
are, at times, intercepted by the earth. The particles are guided by the
geomagnetic field toward the auroral zones. Absorption is increased,
especially in the neighborhood of the auroral and polar regions. Over
much of the earth F-region critical frequencies may be reduced. In some
cases a 27-day recurrence period is evident as solar rotation brings storm
centers having extended life into view repeatedly.

2.3.7 The Polarization Problem

In discussing the complex index of refraction of a magneto-plasma
(subsection 2. 2. 1), the birefringent property of the medium was pointed
out. It is manifest in the sign ambiguity which appears in both the Appleton-
Hartree equations, the dispersion equation and the polarization equation.
The concept of a characteristic wave polarization was introduced. Some
justification was given for ignoring this property in the calculation of ray
path parameters. It is not possible to ignore it in a discussion of the
polarization of sky waves. Sky wave polarization is important because of
its role in wave interaction with the antennas at the path terminals.

When a wave of arbitrary polarization is present at some point in
the ionosphere it can be decomposed into two components, each of which .
is one of the characteristic waves. Because the index of refraction of the
two components (characteristic waves) is not the same, each wave goes
its own way, so to speak. The two trajectories can diverge significantly.
At every point along its trajectory each characteristic wave adjusts its

*E.g., Jordan, E.C., Electromagnetic Waves and Radiating Systems,
Prentice-Hall, 1950; 5.07-5. 13.
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polarization state to that required by the medium parameter values and
wavefront direction at that point. The characteristic polarization depends
only on the values of the medium parameters and the wavefront direction
at a point and not at all on how the wave got to that point. If the amountfwhich medium parameter values change in a free space wavelength is
not too great, and if losses are not too great, the characteristic waves
travel with a high degree of independence.

Consider what happens along a pair of characteristic wave trajec-
tories, both of which span the same two terminal points. Suppose that the
polarization of the wave radiated by the source is arbitrary.

As the wave from the source enters the ionosphere, its power den-
sity is divided into two parts, each of which contributes to the establish-
ment of one of the characteristic waves appropriate to the point and direc-
tion of entry. Without additional information, the splitting ratio cannot be
determined. The splitting principle is that at some stage in the entry
process,* the two characteri tic waves must exist in such amounts that
their sum matches the incident wave. Depending on the polarization of
the incident wave, the split may range from 100% one way to 100% the
other way. If, for the incident wave, all polarization states are equally
probable, there is analytical justification for asserting that, "on the
average," the split is 50/50. Thus, on the average, each of the charac-
teristic waves established is likely to have an intensity 3 dB below that
of the wave incident from the source.

As the characteristic waves leave the ionosphere toward the other
end of the trajectory, the birefringent property vanishes. The two waves
become a single composite wave. '44 In a manner like to that on entry, the
strength and polarization state of the exiting wave must, at some stage in
the exit process, match the sum of the characteristic waves from which
it is composed. The relative phase of the two characteristic waves on
exit depends on the difference between the phase path lengths of the two
characteristic wave trajectories. Because the trajectories are long
(measured in wavelength units), the difference may have any value. If
the two characteristic waves suffer the same loss, then, on average, they

will combine to form an exiting wave with arbitrary polarization.

'-The details of the splitting process are still a matter for some conjec-

ture [2].

*Single because all components travel at the same velocity. Composite
because the two characteristic waves may not be moving in the same
direction on exit.
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The pot is further stirred by the dynamic time-varying character
of the medium. The phase path lengths of the two characteristic wave
trajectories, and their difference, vary with time. * Thus, without
specific situational details, the polarization of the exiting wave cannot
be determined. On the average, the state of wave polarization on exit
bears no deterministic relationship to that on entry. All s.tes of exit
polarization must be considered equally probable. On the average, the
ionosphere must be considered a perfect random depolarizer. **

The power which an antenna can extract from a wave incident at
a specified wavefront normal direction depends on the polarization state
of the wave relative to that polarization state which is characteristic of
the antenna for that direction of wavefront normal. If all states of wave
polarization are equally probable, then, on the average, an antenna
characterized by any fixed single state of polarization will extract one
half of the power which could be extracted from a wave of the same power
density having a polarization which matched that characteristic of the antenna.

The simplest procedure for handling the polarization problem is to
reduce the receiving antenna power gain, Gr, by the factor 2.0 (subtract
3 dB from gr). It must be kept in mind that the factor 2.0 is correct only
"on the average. The true factor can range from 1. 0 to oo (subtract
0.0 dB to odB), and is a time-varying quantity on a scale of seconds.

Note that the gain of the antennas (G,g) is a function of the elevation
angle, P. *** Thus, the gain values to use in Equation 2-37 are those for
the ray trajectory elevation angle, P.

*Interference of this sort among waves having time-varying phase properties
is the major cause of the rapid forms of sky wave intensity fading.

**In a more elaborate analysis, specific situations can be defined in
which the exit polarization can be specified (it still bears no relationship
to the entry polarization). For example, such cases can arise from dif-
ferential absorption between characteristic waves (note the ± in the
factor w + I wL I in some formulas given in Table 2-1) or from selective
elimination of one of the characteristic waves near the skip contour (sub-
section 2.2.2). If, however, geomagnetic ori, ntation and geographic loca-
tion of the trajectory and the operating frequency are not specified and
fixed, the stated conclusion is justified.

***It is also, of course, a function of azimuthal orientation.
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2.4 ATLAS OF ELECTRON DENSITY PROFILE MODELS
AND ASSOCIATED TRANSMISSION DIAGRAMS

There is presented in this section an atlas of material which is
associated with the geometrical properties of ray trajectories.

There is a set of twelve electron density profile models. The
electron density profile determines the refractive index profile. In
concert with the ray elevation angle, 6, and the operating frequency f,
it determines trajectory shape. With each profile there is given the
synthetic ionogram derived from it. Curves are shown on the ionogram
for both real and virtual height of reflection.

From each profile model several transmission diagrams have been
derived. Each shows both the angle/range curve from which the hear-
ability function, Fh, is evaluated and the loss/range curve which is the
evaluation of the divergence loss, -Yd" The operating frequencies used
for deriving transmission diagrams have been selected after inspection
of the synthetic ionogram. Usually, the frequency sequence includes a
member representative of each regime or region exhibited in the ionogram.
In one case (Ident. Symb. 010WINDAY) additional frequencies have been
included in the sequence to illustrate behavior at or near critical points
of the ionogram.

Table 2-7 is a guide to the atlas. It defines the twelve cases
presented, gives the symbols by which graphs related to each can be
identified, gives profile model parameters, and lists the frequency se-
quences for which transmission diagrams have been derived. In the first
column of the table, under model parameters, the parameters for the a-
Chapman function representing each level are identified. Then, for the,
sum of the functions, the resulting critical frequencies are identified.
The latter are not quite the same as the individual level critical fre-
quencies because of function overlap.

The graphs are arranged in the atlas in the order given by the
columns in the table. They are not assigned individual figure numbers,f but can be identified by the symbol (e.g., IOOWINNIT) appearing on each.
See, for example, the legend data in Figure 2-8.

The purpose of the atlas is to illustrate the salient regular phen-
omena which are exhibited by the sky wave. Enough range of variation
is included to illustrate day/night, summer/winter, and solar activity
differences.
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The atlas does not constitute a complete forecasting system for rh
and Yd" For example, it does not show behavior for enough hours in the
day, nor months in the year. It shows nothing of the geographic varia-
bility which exists. However, given an adequate data base of ionospheric
characteristics, the principles used to produce the atlas could be developed
into a forecast estimation system. Alternatively, given concurrent local
empirical ionospheric data, the same principles could be developed into a
real-time estimation system.
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2.5 ATLAS OF IONOSPHERIC ABSORPTION LOSS TABLESI
The model used to estimate absorption loss is described in sub-

section 2. 3. 5. The tables in this atlas supplement the graphical solution
of the model equation given in Figure 2-24. They are arranged to be
more convenient in use than are the tables from which Figure 2-24 wasj constructed.

Table 2-8 is a guide to the atlas of absorption loss tables. *

1 Tables are arranged in the atlas in the order of the rows (lines) of
Table 2-8. Each absorption loss table is assigned an identification
symbol (eg, 045/112) which is given in the body of Table 2-8. The first
half of the symbol is the 12-month running average sunspot number (RlZ).
The second half is the electron gyrofrequency in hundredths of a MHz
(fH * 10-4). The symbol will be found at the bottom of each table.

AThe tables in the atlas are divided into two groups, Basic Tables
and Supplementary Tables. The tables in the basic group are for values
of sunspot number: R12 = 5, 15, 45, 135. This sequence covers the
range anticipated for the next solar cycle (Cycle 21, 1975-1985, approxi-
mately). In the supplementary group, tables are given for a sequence of
sunspot number values which both interlaces the basic sequence and
extends the basic sequence to the higher values which have been recorded
in earlier solar cycles (e. g., in the second half of the 1950s decade).

ITo use the atlas, first select a value of sunspot number from
either the basic or supplementary sequence. Using the first half of the
identification symbol, locate the group of four tables for that value of
R12. Select the desired value of gyrofrequency from the sequence of
four values. Using the last half of the identification symbol, locate the
specific table within the group of four. In the specific table locate the
section for the value of solar zenith angle nearest the desired value (the

*In the headings of Table 2-8 and of the atlas tables a value of geomagnetic
flux density is given in association with each value of electron gyrofrequency.
The value is given in the gauss unit (CGS system), F, because it frequently
is so found in the literature [10]. A sub-unit, the "gamma" (y) (1y = 10-5r)
also is frequently used. In recent literature the MKSA unit, weber/meter 2

(Wb/m 2 ), or the tesla (T), appears [12]. The gauss and tesla have the rela-
tionship, r = 10- 4 T. Thus, the "gamma" (y) is equivalent to the nanotesla

I (nT).

3 191

I



column headed "SOLAR ANGLE"). Then read from the body of the table
absorption loss in dB as a function of elevation angle (the column headed
"SIGNAL ANGLE)- -line- -and operating frequency- -column.
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3 Table 2-8. Guide to atlas of absorption loss tables.

JRunning Electron Gyro-Frequency (MHz)
Average Total Geomagnetic Field (Gauss)
Sunspot 0.700 1.120 1.400 1.820
Number 0. 250 0. 400 0. 500 0. 650

Basic Tables

5 005/070 005/112 005/140 005/182
15 015/070 015/112 015/140 015/182

45 045/070 045/112 045/140 045/182
135 135/070 135/112 135/140 135/182

Supplementary Tables

30 030/070 030/112 030/140 030/182
60 060/070 060/112 060/140 060/182
90 090/070 090/112 090/140 090/182

- 120 120/070 120/112 120/140 120/182
150 150/070 150/112 150/140 150/182
180 180/070 180/112 180/140 180/182
210 210/070 210/112 210/140 210/182

240 240/070 240/112 240/140 240/182

11
I
1
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S S * TOTAL IONOSPHERIC ABSORPTION LOSS (DECIBELS)

.! r N * AVERAGE SUNSPOT NUMBER (R12) 5.
A G r] G * ELECTRON GYRO-FREQUENCY (MHZ) n.700
L? L A L * TOTAL GEOMAGNETIC FIELD (GAUSS) 0.250

F L E *441 *~44 14~4 4 4 $ * 4 * t*444**t44#4#4k

• SIGNrAL FREQUENCY (MH7)
(nFG) (DEG)* ?.no 3.00 4.on 6.00 8.0n 12.00 16.00 24.00 32.00

* : I * f 4 1 4 4 f* 4 * f 4 4, +44 I' i t1 * t + -t*4 * #. *4 ', 4 t It *4 * f44fI 4

a n * 2e7. 167. 125. 74. 48. 24o 14. 7. 4.
10 * 162. 1200 A9. 53. 34. 17. 10. 5. 3o
20 * 109. 77. 97. 34. 2P 11o 7. 3. 2.
30 * 76. 96o 42. 25. 16. 8. 5. 2. 1.
49 * 1',) 41. 30. 18. 12. 6. 4. 2. 1.
65 * 44. 32. 24. 14. q. 5. 3, 1. 1.
QO * 40o 29o 2P. 13. 8. 4. 3. 1. 1.

20 0 * 213. 197. 117. 6q. 45. 23. 14. 6. 4.
I * 193. 112. 84. 50. 32. 16. 10. 5. 3.
20 * 9A. 73. 54. 32. 21. 10. 6. 3. 2.
30 71. 53. 3Q. 23. 15. 8. 5. 2. 1.
45 * 52. 38. 29. 17. II. 6, 3, 2. 1.
6S * 41. 30. 23. 13. 90 4. 3. 1. 1.
P0 * 37. 28. 20. 12. 8. 4. 2. 1. 1,

40 0 * 175. 129o 96. 57 37o 19. 11. 5. 3.
10 * 129. Q2. 6q. 41. 26. 13o 8. 4. 2.
20 * Al. 59. 414. 26. 17. Q. 9. 2. 1.
30 * S8. 43, 32. 19. 12. 6. 4, 2. 11
45 * 43. 31. 23. 14. 9. 5. 3. 1. 1.
65 * 34. 25. 1S 11 7. 4. 2. 1. 1. -.

90 * 31. 23. 17. 10. 6. 3. 2. 1. 1.
4t'14 I 4 444t4 .$4t * 4 1 *4 * ** 4 f t*$*44 t'4 4* # f## # 4 t *t 4'tIt

60 F) * 1PA. 87. 65. 38o 25. 13. 7, 4, 2a
10 * 84. 62. 46. 27. 18. 9. 5, 3. 1*
20 * 54. 40. 30. 18. 11. 6. 3. 2. 1.
30 * 39. 2Q. 22. 13. A. 4. 3. 1. 1*
49 * 29, 21. 16. 9. h. 3. 2. 1. 0.
65 * 23. 17. 12. 7, 5. 2. 1, 1. 0.
go * 21. 15. 11 7. 4o 2. 1. 1. 0o

4444 44; .44444444414444i44444444 4*4*4*****@l!l*444*4444444*44 '

80 0n 91). 40. 30. 1n, it. 6. 3. 2. 1. -

10 * 39. 2Q. 21. 13. 8. 4. 2. 1. 1.
20 * 25. 19 14. A. 5. 3. 2. 1 0.
30 * 18. 13. 10o h. 4. 2. 1. 1. 0.
4t* 13. 10. 7. 4, 3. 1. 1 . 0. 0. 0
69 * 11 8. 6. 3. 2, 1. 1 0. 0.
90* 10, 7, 5o 3. 2, 1. 1. 0. o

I' 0n* 30 2. 1* 1, 1. 0, 0. . 0
TO 10 * 2. 1, 1 1. 0. 0. 0. 0. 0.

t80 20* is 1. 1. O. 0. 0, 0. 0. 0.
30* 1 1. 14 0 .0 0. O, 0 Do45 I 0, no 0. O, O, 01 0, O 0

6O 1* 00 00 00 0. 0,f. 0. 0. 00

005/070
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S S * TOTAL IONOSPHERIC ARSORPTION LOSS (DECIBELS)
0 A I A 4 .4t4 4t It 444# f 4 tft f 0 44f 4$4#4*4I4* 4 tfI#6tt #f#44 t4 4,4 k

L N G j * AVERAGE SUNSPOT NUMBER (R12) 5.
A G N , * ELECTROt, GYRO-FRE, IENCY (MHZ) 1.120
P L A L * TOTAL GFOMAGNETIC FIELD (GAUScl) 0.400

E L E *4* 4'I414 f4 t # t '4 4 1tt 4#'4 1* 1t 4

* SIGNAL FREQIJENCY (MHZ)
(DEG) (nEGI* 2.00 3.0 4.on 6.00 8.01) 12.00 16.00 24.00 32.0)

f*1 4 t 4 4 f 6 # ~4 4 4 4 4 # 4 t I 16 0* 44 * 414 k4 4 4L4 4 t It* f 4 t
0 _ 00. 147. Ill. 7 L4., 23. 14. 7. 4.

10 * 143. 106. 79. 48. 31. 16. 10. 5. 3.

20 * 92. 6. 91. 31. PO. 10. 6. 3. 2.
30 * 67. 49. 37. 22. 19. 8. 5. 2. 1.
4 S5 * 4q. 36. 27. 16. it. 6. 3. 2. 1.
6S * 38. 28. 21. 13. go 4. 3. 1. 1.
9r0 * 35. 26. 19. 12. A, 4. 2. 1. 1.

20 n * IR8. 139. 104. 63. 41. 21. 13. 6. 4.
10 * 134. qcj. 74. 49. 29. 19. 9. 4. 3.
20 * 87. 64. 4A8. 2q. 19. 10. 6. 3o 2.
30 * 63. 46. 39. 21. 14. 7. 4, 2. 1.
49 * 469 34, 29. 15. to. ). 3. 1. i
65 * 36. 27. 20. 12. 8. 4. 2. 1. 1.
go * 3 . 2. 18. 111 7. 4. 2. 1. 1°

t 4 4 ! t 4 4 ,.444 4$*f I4f 4$4*d44: 1 *1 tt4

40 0 * 194. 113. 89. 91. 34. 17. 1l. 5. 3.
10 * 110. Ale 61. 37. 24a 12. 8. 4. 2.
20 * 71. 92. 39. 24. 16. 8. 5. 2. 1.
30 * 51. 38. 29. 17. 11. 6. 4. 2. 1.
49 * 37. 28. 21. 13. 8. 4. 3. 1. 1.
h5 * 30. 2 2. 16. 10. 6. 3. 2. 1. I.
9O * 27. 20. 19. . 6. 3. 20. 1. 1.

60 0 * 104. 77. 57. 35. 23. 12. 7. 3. 2.
10 * 74. 99. 41. 25. 16. 8. 5. 2. 1.
20 * 48. 39. 27. 16. 11. 5. 3. 2. 1.
30 * 39. 26. 19. 12. 8. 4. 2. 1. 1.
49 * 2i. 1q. 14. 8. 6. 3. 2. 1. 0.
65 20. 19. 11. 7. 4. 2. 1. 1. 0.
go * I18 13. 10. 6. 4. 2. 1. 1. 0.

80 0 * 48. 39. 27. 16. 11 9. 3. 2. 1.
10 * 34. P9. 19. it. 8. 4. 2. 1. 1.
20 * 2;,. 16. 12. 7. 5. 3. 2. 1. 0.
30 * 16. !2. 9. 9. 4, 2. 1. to 0.
145 * 12. 9. 6. 4. 3. 1. 1. 0. 0O
65 * 9. 7, 9. 3. 2. 1. 1. 0. 0.
g9 * go h. 5. 3. 2, 1. 1. 0. 0.

4 1 # t i f f f4 4 I * 4 # 1 4 , * * # I I f, 4 ,* 44# # * 4 4 I t 4 4 4 t

100 0 * 2. 2. 1* 1. 1, 0. 0. 0. 0.
TO 10 * 2. 1 1. Is 0. 0. 0. 0. n.
180 20 * 1. 1. 1. 0. O. 0. 0. 0. 0o

30 * 1. 1. 0. 0. 0. 0. o 0. O.
4 -) * 1 . 0. 0.1 0. 0, 0. 01 0
65 * nO o. O. 0. 0o 0. 0. 0O 0.
Q0 * 0. 0O 0. 0. 0. 0. 0. 0. 0.

005/112
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1 ; TOTAL IONOSPHFRTC A1RSORPTIOt) LOS( (ECIRFL.S)
0 A T A t* 4 ; 1{
L 14 G ti * AVERAGF SLIJSPOT tNIM)REq (R12) 5o
A G H G * ELECTROJ GYRO-FPEQIJEtiCY (MHZ) 1.401)
R L A 1 * TOTAL GEOMAGNETIC FTEItfl (GAIJS) 0.5nO

F LF .I4 ~1
STMTIAL PRE OJEJCY (MHl

(MEG) (nFG)* ?.O0 3.nl 4.nn 6.01 8.00 12.00 16.00 24.On 32.00

0 0 * IR3. 136. I13. 63. 42. 2,. 13. 6. 4.
In * 131. 7. 73. 45. 30. 16. 10. S. 3.
20 * Wi. 63. 47. Pg. 14. 10. . 3. 2.
3n * A1. 46. 34. ?1. 14. 7. 4. 2. 1.
U9i * 49.* 33. 25.* 11. In. 9. 3. 2. itI.
65 * 35. 26. 20. 1?. A. 4. 3. 1. 1.
go * 32. 24. IA. 11. 7. 4. 2. 1. 1.

20 0 * 172. I?. 96. 5q. 3g. 20. 12. 6. 4.
1o * 123. Q1. 6Q. 42. 28. 19. Ci 4. 3.
2n * 7Q. 94. 414. 27. 18. 9. 6. 3. 2.
30 * 58. 43. 32. 20. 13. 7. 4. 2. 1.
45 * 42. 31. 24. 14. 10. 5. 3o i. 1.
0 • * . 29. 1q° II. 8. 4. 2, I. 1.
go * 30. 2,). 17. 10. 7. 4. 2. 1. 1.

4n 0 * 141. 104. 7q. 48 32. 17. 10. 5. 3.
10 * 101. 75. 96. 34. 23. 12. 7. 4e. 2.
2n * 69. 4M. 36. 2;k. 15. 8o 9. 2. 1.
30 * 47. 35. 26. 16. 11. 6. 3. 2. 1
49i * 34o P9. 19. 12. 8. 4. 2. is to
6i * 27. 20. 15. 9. 6. 3. 2. 1. 10
9O * 29. IA. 14. A. 6. 3. 2. to Io

0 0 * q5. 70. 53. 3. 2 11. 7- 3. 2.
10 * 68. 50. 38. 23. 15. 8. S, 2. 1.
?0 * 44. 31. 25. 19. 10. . 3. 2. 1.
3n * 32. 24. 18. 11. 7. 4. 2o 1. 1.
45 * 23. 17. 13, A. 5. 3. 2. 1 0.
65 * 18. 14. 10. 6. 4. 2. 1. 1. 0.
go * 17. 12. g, A, it. 2. 1. 1, 0.

An 0 * 4(t. 33. 25o 15. 10. 5, 3. 2. 1.
' * 32. 23. 1R. 11. 7. 4. ?. 1. 1.
0 * 2n. 15. 11o 7. 5. 2. is 1. n.

30 * 19. 11. R. 5. 30 2. 1. 1. 0.
45 * it. 8. 6. 4. P. 1. 1. 0o 0.
69 * A. 6. 9. 3. 2. 1. 1. O. 0.
90 * 8. 60 4, 3. 2. 1. 1o 0. 0.

i ) * 20 2 t . 1. O. . o O.. 0.
TO 10 i 2. 1o 1 o. 0. 0. 0, 0.
180 20 * 1. 1. O. 0. 0. O. 01 0.

30 * 1. 1. 0. 0 0 . 0. 4O. 0. 0.
49 * 1. 0. 0. 0. O. . 0. 0. 0.
A% * 0. 0. 0. 0. 0o 0. 0. 0. 0.
90 * 0. 0. 0. 0. no 0 0. 0. 0.
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S s * TOTAL IONOSPHERIC ABSORPTION LOSS (DECI[BELS)
0 A r A *4' It 4 I t4 4 44 44414*4*4**44**-t

L N . N * AVERAGE SUNSPOT NUMBER (R12) 5.
A G t G * FLECTRON GYRO-FREGUENCY (MHZ) 1.820
R L A L * TOTAL GEOMAGN4ETIC FIELD (GAUSS) 0.690

E L F ** 44444444 44I.',44-444 444444$ 44, *4444 *44$4'4I44
•SIGNJAL FREQUJENCY (MHZ)

(DEG) (DEG)* 2.00 3,00, 4.00 6.011 8,0) 12.00 16.00 24*00 32.00

0 0 * 161. 120. q2. 57. 38o 21. 13. 6. 4.
in * 119. 86. 66. 41. 28. 15. 9, 4. 3o

2n * 74. 96. 42. 26. 180 g 6. 3. 2.
3n * 54. 4n. 31. 19. 13. 7. 4. 2. 1.
49 * 39. 2P. 2p. 149. g 5. 3. 2. 1.
69 * 31. 23. 18. 11, 7. 4. 2. 1. 1.
q0 * 28. 21. 16. 10. 7. 4. 2. 1. 1.

t. Or : 1 I 4 1 4 L # ' f' 4 f I - # I I ) f 4 I i # * *' 4 * * t 4 14f * 4 * *- *4 4 #4 4, * * t*** * t' 4 $ t4 4
20 0 * 19. 113. 86. 54. 36. 19. 121. h. 3.

10 * 108. 81. 62. 3H. 26. 14. 9. 4. 2.
2n * 70. 52. 40. 25. 17. 9. 6. 3. 2.
30 * 91. 38. 29. 18. 12. 6. 4. 2. 1.
45 * 37o 2A. 21. 13. 9. 5, 3. 1. 1.
65 * 29. 22. 17. 10. 7, 4. 2. 1. 1.
g0 * 27. 20. 15. q. 6. 3. 2. 1. 1.I 44 44- 4 1 14??4' *40.4 444 41#44 I 444#4t4I 1 4'4 44444 * # ,##t##4 4444446 4 14 44

4n 0 * 124. Q3. 71. 44. 30, 16. 10. 5. 3.
10 * 8Q. 6h. 50. 31. 21. 11. 7. 3. 2.
?0 * 97. 43. 3.3. 20. 1'4. 7. S. 2. 1.
30 * 42. 31. 24. 15. 10. 5. 3. 2. 1.
49 * 30. 23. 17. 11. 7. 4. 2, 1. 1.
69 * 24. IA. 14. g. 6. 3. 2. 1. 1.
Q * 22.- 16. 12. 8. 5. 3. 2. 1. n

60 0 * 84. 62. 4A. 30. 20. 11. 7. 3. 2.
10 * 60. 45e 34. 21. 14. so 5. 2. 1
20 * i9. 29. 2P. 14. 9. 5. 3. 1. 1.
3n * 28, 21. 16. 10. 7. 4o 2. 1, 1,

49 20. 19. 12. 7. 9. 3. 2. 1. 0.
65 * 16. 12. 9. 6. 4. 2. 1. 1. 0.
go * 1. it. 8. 5. 3. 2. 1. 1. 0.

* 4 44444 4 0 1 I , t I t # 4* 4 4 4 i 4 4 4 4 4 4 1, 4' t 4 1 4 f4 * 44 44 * 4 * # 4 4 * # t4 * $ * 6

so 0 * 3q. 2q. 22. 14. 9. 9. 3. I. 1.
10 * 28. 21. 16. 10. 7. 4. 2. 1. 1.
20 * IA. 13. 10. 6. 4. 2. 1. 1. 0.
30 * 13. 10. 7. 90 3. 2. 1. 1. 0.
49 * 9. 7. 9. 3. 2. 1. 1. 0. 0.
69 * 7. 6. 4. 3. 2. 1. 1. 0. 0.
90 * 7. 9. 4. 2. 2. 1. 1. 0. o.

ion n * 2. 1. 1. 1. O. o. 0. 0. 0.
TO 1 * 1. 1. 1. 0. 0. O . 0 . 0 . 0.

18O 20 * 1. 1. 1. 0. O. 0. O. 0. 0.
30 * 1. 0. 0. 0. 0. O . 0 .o 0

46 9* 0. o. 0. O. 0. 0. 0. 0. 0.
S69* 0. 0.0 0. 0. 0. 0. 0. 0. 0. ,

go * 0. 0. 0. 0. 0. 0. 0. 0. 0. 7
005/182
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S * TOTAL IOiJOSPHEPIC ABSORr'TIOrJ LOSc (DECIBELS)

CA I
L 14 G 14 * AVERAGE Su4SPOT ttu)MBER (R12) 15.

A G 11 G * ELECTRON GYRO-FRE01JENCY (MHT) 0,7011

R L A L * TOTAL GEOMAGETIC FIELD (GAJSS) 0.250

F L E
* SIGNAL FRFn'JENCY (MHZ)

(MFG) (MFG)* 2.0O 3.00 4.00 6.011 ,0') 12.n0 16,On 24.00 32,00

I* I $ i* 4 :II 4 $ 4 f4 4444 4 t4 4 4 # 4 4 #4 #4' 4 f 4 t f4 #4$ # * # #4 # f4f444 t4f$

0 n * 235. 173. 12P. 76. 04. 25. 1l. 7. 4.

10 * 168. 124. 9p. ',. 35. 18. 1. 9. 3.

2n * 109. a0. 60. 35. 23. 12. 7. 3. 2.

30 * 7Q. 58, 43. 26. 17. 8. 5. 2. 1.

4r * 57. 42. 31. JQ. 12. h. 4. 2. 1.

65 * 49. 33. 25. 19. i0. 5. 3. 1. 1.

90 * 41. 3n. 23. 13. q. 4. 3. 1. 1.

0 * 2:'1. 163. 121. 72. 46. 23. 14. 7. 4.

In * 198. 117. 87. 51. 33. 17. 10. 5. 3.

20 * 102. 79. 56. 33. 21. 11. 6. 3. 2.

30 * 74. 55. 41. 24. 16. 8. 5. 2. 1.

45 * 94. 40. 30. 18. I. 6. 3. 2. 1.

65 * 43. 31. 23. 14. 9. 5. 3. 1. 1.

q0 * 39. 29. 21. 13. k. 4. 2. 1. 14

40 0 * 181. 133. 94. 59. 3R. 19. 11. 5. 3.

10 * 129. q5. 71. 42. 27. 14. 8. 4. 2.

20 * 93. 61. 46. 27. 18. 9. 5. 2. 1.

30 * 61. 45. 33. 20. 13. 6. 4. 2. 1.

45 * Ws. 33. 24. 14. 9. 5. 3. 1. 1.

65 * 39. 26. 19. 11. 7. 4, 2. 1. le

q0 * 32. 23. 17. 10. 7. 3. 2. 1. 1.

*4, 1 4 . I# I $ tt4 * 4 4 4 ' 44 f k#10t0 *# 4 , I i * vt tI14 +4 f4 o '* 4

60 0 * 12P. qO. 67. 40. 26. 13. M. 4. 2.

10 * 87. 64. 48. 28. 18. 9. 6. 3. 2.

20 * 96. 42. 31. 18. 12. 6. 4. 2. 1.

30 * 41. 30. 22. 13. 9. 4. 3. 1. 1.

49 * 30. 22. 16. 10. 6. 3. 2. 1. 1.

65 * 24. 17. 13. M. 5. 2. 1. 1. 0.

qn * 21. 16. 12. 7. 4. 2. 1. 1. 0.

An n * 57. 42. 31. I. 12. 6. 4*. 2. 1.

to * 40. 30. 22. 13. 8. 4. 3. 1. 1.

2n * 26. 19. 14. M. 5. 3. 2. 1. 0.

30 * 190 14. 10. 6. 4. 2, 1. 1 01

45 * 14. 10. 8. 4. 3. 1. 1. 0. 0.

65 * It, 8. 6. 4. 2. 1. 1 0. 0.

t0 * 10, 7. 5, 3. 2. 1. 1. 0. 0.

* &44 41 4 1 - 4 44 4 1 t 4 4 4 4 4 14* $t44 4* 4 444 4t4 4 L* t 44t44

Inn 0 * 3. 2. 2. 1. 1. 0. 0. 0. 0.

TO 10 * 2. 1. 1. t. 0. 0. 0. 0. 0.

I0 20* l. 1. I. 0. 0. 0. 0. 0. 0.

30 * 1. 1. 1. 0. 0. 0. o. 0. 0.

45 * 1. 1. 0. 0. O. 0. 0. 0. 0.

65* 1. 0. 0. 00 O 0. 0. 0. 0. is

90 * no 0. 0. o o. 0. O 0. 01

015/070 
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IS S * TOTAL bO[IOSPHERIC ARSORPTIOtN LOSS (DECIBELS)

L '4 G N * AVERAGE SUNSPOT IUMRER (R12) 19

A G N G * ELECTRON GYRO-FRFQIJENCY (MH7) 1.120
R L A L * TOTAL GEOMAGNETIC FIELD (GA')SSI 0.400

E L E **44v4440 44$44 44 4~44 444.4
* SIGNAL FREQUENCY (MH7)

(DEG) (DEG)* 2.00 3.0) 4.00 6.00 9.0) 12.00 16.00 24.00 32.0

0 0 * 207. 153. 115, 69. 45. 23. 14. 7. 4.
10 * 148. 100. 82. 50. 33. 17. 10. 5. 3.
20 * Q6. 71. 53. 32. 21. 1). 7. 3. 2.
30 * 69. 51. 38. 23. 15. 8. 5. 2. 1.
4 9i * 51. 37. 2R. 17. it. 6. 3. 2. 1.
65 * 40, 29. 22. 13. 9. 5. 3. 1. 1.

90 * 36. 27. 20. 12. A. 4. 2. 1. 1

20 0 * 194. 14i. 108. 65. 43. 22. 13 . 6o 4.
10 * 139. 103. 77. 47. 31. 16. 10. so 3.
20 * 90. 66. 50. 30. 20. 10. h. 3. 2.
30 * 65. 48. 36. 22. 14. 7. 4. 2. 1.
49 * 47. 35. 26. 16. 10. 5. 3. 2. 1.
6i * 37. 28. 21. 13. 8. 4. 3. 1. 1.
n * 34. 29. 19. 11, 7. 4. 2. 1. 1.

40 n * 159. 117. Ai. 53. 35. 1. I1. 5. 3.
10 * 114. 84. 63. 38. 25. 13. 8. 4. 2.
2n • 73. 94. 41. 25. 16. 8. 5. 2. 1.
3n * 53. 39. 30. 1. 12. 6. 4. 2. 1.
49 * 39. 2q, 22o 13. C. 4. 3. 1 1.
69 * 31 23. 17, i). 7. 3. 2. 1. 1.
Q0 * 2A. 21. 19. 9. 6. 3. 2. 1. 1.

60 0 * in7. 79. 6n. 36. 24. 12. 7, 4o 2,
10 * 77. 97. 43. 26. 17. 9. 5. 3. 1.
P0 * 30, 37. 27. 17. li1 6. 3. 2, 1.
3n * 36. 27. 20. 12. A. 4o. 2. 1. 1.

49 * 26. 1t. 15. 9. 6. 3. 2. 1. 1.

65 * Pi. 15. 1I. 7. 5. 2. 1. 1. 0.

4 * 19. 14. 10. 6. 4. 2. 1. 1. n.

A0 0 * 90. 37. 28. 17. 11. 6. 3. 2. to
10 * 36. 26. 20. 12, 8. 4. 2. 1. 1.
20 * P3. 17. 13. 8. 5. 3. 2. 1. 0.
30 * 17. 12. 9. 6. 4. 2 1. 1. 0.
45 * 12. q. 7. 4. 3. 1. 1. 0. 0.
69 * 10. 7o 9. 3. 2. 1. 1. 0. 0.
40 * 9. 6. 5. 3. 2. 1. 1 0. 0.

100 0 * 2. 2, 1. 1 1. 0O 0. 0. O.
TO 10 * 2. 1. 1, 1. 0. 0O 0. O 1.
180 20 * 1. 1. 1. 0. 0. 0. 0. 0. 0.

30 * 1. 1. 0. O 0. 0. O. 0. 0.
4i * 1. O. 0, 0. 0. o. O. o. 0.
65 * n. O 0. 0o 0. 0. 0. O 0.
90 * 0. 0. O 0 O. o. 0. 0. 0. n.

015/112
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s s s TOTAL IONOSPHERIC AHSORPTTON LOSS (DECTI3ELS)
'1 A I A 1 I'4~:''l''4 #,...,4.st,,,q
L N G U * AVERAGE SIJtISPOT HNUMREq (R12) 15.
A G tl ( * ELECTROhJ GYRO-FREOIJErJCY (MHZ) 1.400
P L A I * TOTAL GEOMAGUETIC FIELD (GAIISS) 0.50)

F L F * . 4 h 4 t 4 * * 4 * 4 4 4 4 4 ' 4 , 4 4 * 444

* SIGtIAL FRFrIJFIICY (MHZ)
(FG) (fFG)* 2.01 3.001 ".On 6.00 8.00 12.00 16.nil 24.00 32.00
*. t4 1 I4 1 44 0: 4 f, ; 4 # # # - # # **4 44 4***#444f f rf t 4 4 4 ** 4 * *I

0 n * 190. 14). 106. 69. 43. 23. 14. 7. 4.
in * 136. 101. 76. 46. 31. 16. in. 5. 3.
20 * 84. 65. 49. 30. 20. 10. 6. 3. 2.
30 * 64. 47. 36. 22. 14. A. 5. P. 1.
4L * 46. 34. 26. 16. it. 6. 3. 2. 1.
65 * 37. 27. 20. 13. 8. 4. 3. 1. 1.
Q0 * 33. 25. 1q. it. A. 4. 2, 1. 1.

4 1 44 4 , f# tII## #ft # f f+ :t f#4 444 ,f61 4 4

20 0 * 178. 13P. 10). 61. 40. 21. 13. 6. 4.
10 * 129. Q5. 71. 44. 2q. 15. 9. 4. 3.
20 R 82. 61. 46. 28. 1q. 10. 6. 3. 2.
3n 6 60. 41. 33. 20. 14. 7. 4. 2. 1.
45 , 44. 32. 24. 19. 10. 5. 3. 2. 1.
6r * 34. 25. 1q. 12. 8. 4. 2. 1. I.
90 v 31. 23. 17. it. 7. 4. 2. 1. 1.

4n 0 * 146. 1OM. 82. 5i0. 3'1. 17. 11. 5. 3.
1) * 105. 77. 58. 36. 24. 12. 8. 4. 2.
20 * 67. 50. 3A. 23. 15. 8. 5. 2. 1.
30 * 4q. 36. 27. 17. 111 6. 4. 2. 1.
45 * 36. 26. 20. 10. 8. 4. 3. 1. 1.
65 * 28. 21. 16. 10. h. 3. 2. 1. 1.
Q0 * 26. 10 14. 9. 6. 3. 2. 1. 1.

t~ f4 I t4 4 4t 44 4 4 4 f404 414* #4 44 4 44.4 4 ~ 4 4 4 4 . 4 f4#4##4 f0t 06

60 0 * q(4. 73. 5'. 34. 22. 12. 7. 3. 2.
In * 71. 52. 39. 24. 16. 8. 5. 2. 1.
20 * 4)5. 34. 25. 16. 10. 5. 3. 2. 1.
30 * 33. 24. 18. II. 7. 4. 2. 1. 1.
41* 24. 18. 13. 8. 5. 3. 2. 1. 0.
65 * 19. 14. 11. 6. 4. 2. 1. 1. 0.
9O * 17. 13. 10. 6. 4. 2. 1. 1. 0.

HO 0 * 46. 34, 26. 16. 10. 5. 3. 2. 1.
I0 * 33. 24. 18. 11. 7. 4. 2. 1, 1.
20 * 21. 16. 12. 7. 9. 3. 2. 1. 0.
30 * 19. 111 90 5. 3. 2. 1. 1. 0.
49 * 11. H. 6. 4. 3. 1. 1. 0. 0.
65 * 9. 7. 5. 3. 2. 1. . 0. 0 .
90 * 8. 6. 4. 3. 2. 1. 1. 0. 0.

100 0 * 2. 2. 1. 1. 1. 0. O. O. 0. -s

TO 10 * 2. 1. 1. 1. 0. 0. 0. 0. 0o
10 20 * 1. 1. 1. 0. 0. O. 0. 0. 0.

30 * 0. 1. 0. 0. 0. 0. 0. 0. O.

q5 * 0. 0. O . O. 0. 00 0' Oo4

015/140
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C S * TOTAL IOtOSPHERIC ABSORPTION LOS, (DECIBELS)
0 A I A * 4 4 444 4 44$ 4 44444 4$4 '4

L t A G ri * AVERAGE StirJSPOT rJIJMHER (R12) 15.
A p " j G * ELFCTROt GYRO-FREUENCY (MHZ) 1.820
R L A L * TOTAL GEOMAGPIETIC FIELD (GAUSS) 0.650

E L E*'4444444'4444I4(44444444444
* SIGNAL FREQIJENCY (MH7)

MEG) (MFG)* 2.00 3.00 4.00 6.00 8.00 12.01) 16o0) 24.00 32.00

0 a * 167. 125. 95. 5Q. 40. 21. 13. 6. 4.
10 * 120. SQ. 68. 42. 2q. 15. 9. 5. 3.
20 * 77. 58. 44. 27. 18. 10. 6. 3. 2.
30 * i6. 42. 3P. 20. 13. 7. 4. 2. 1.
49 * 41. 30. 23. 14. 10. 5. 3. 2. 1.
65 * 32. 24. 18. 11. 8. 4. 3. 1. 1.
90 * 2q. 2?. 17. 10. 7. 4. 2. 1* 1.

20 0 * 197. 117. 8q. i6. 37. 20. 12. 6. 4.
10 * 112. 84. 64. 40o 27. 14. 9. 4. 3.
20 * 72. S4. 41. 26. 17. 9. 6. 3. 2.
30 * 53. 39. 30. 19. 13. 7. 4. 2. 1.
49 * 38. 29. 2?. 14. go 5. 3, 1. 1.
69 * 30. 23. 17. 11. 7. 4. 2. 1. 1.
9o * 28. 21. 16. 10. 7. 4. 2. 1. 1.

40 0 * IQ. Q6. 73. 46. 31. 16. 10. 5. 3.
In * 92. 69. 52. 33. 22. 12. 7. 4. 2.
2n * 99. 44. 34. 21. 14. 8. 9. 2. 1.
3n * 43. 32. 25. 15. 10. 5. 3. 2. 1.
49 * 31. 23. 18. 11. 7. 4. 2. 1. 1.
69 * 25. 18. 14. 9. 6. 3. 2. 1. 1.
g9 * 23. 17. 13. 8. 5. 3. 2. 1. 1.

60 0 * 87. 65. 4q. 31. 21. II. 7. 3. 2.
10 * 62. 46. 3S. 22. 15. 8. 5, 2. 1.
20 * 40. 30. 23. 14. i0. 9. 3. 2. 1.
30 * 2q. 22. 17. 10. 7. 4. 2. 1. 1.
49 * 21. 16. 12, 8. 9. 3. p 1. 0.
65 * 17. 12o 10. 6o 4. 2. 1, 1. 0.
90 * 15. 11. 9, 5. 4. 2. 1. 1. 0.

*44-444444O 44. 44'444 4444444'444'44*4 t 444,44444*4444444'444444*

80 0 * 40. 3n. 23. 14. 10. 5, 3. 2. 1.
10 * 2q. 21. 16. 10. 7, 4. 2. 1. 1.
20 * 1. 14. 11 7. 4. 2. 1. 1. 0.
30 * 13. 10. 8. 9. 3. 2. 1. 1. 0.
45 * in. 7. 6. 3. 2. 1. 1. 0. 0.
6i * 8. 6. 4, 3. 2. 1. 1. 0. 00
90 * 7. 9. 4. 2. 2. 1. it O 0.

i on n * 2. 1. 1. I. O. Ol 09 O, O,
TO In0* 1. 1* 1 1. to 0: 0. 0: 0: 0:io 0 * 2. 1. 1. 1. 0. 0. 0. 0. 0.I ~~~~180 20*• 1 , 1 . O , O . O

30 * 1. O. 0. 0. 0. 0 0. 0. 0.

49 * 0. 0. 0. 0. 0. 0. 0. 0. 0.5 65 * 0. O. 0. no o O o 0. O
go * O. 0. 0. 0. 0. O. o. 0. 0.

015/182
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S S * TOTAL IONOSPHERIC ARSORPTION LOSS (DECIBELS)
0 A I A *
L N G N * AVERAGE SUNSPOT NUMBER (R121 45.
A G t4 G * ELECTRON GYRO-FREQUENCY (MHZ) 0.700
R L A L * TOTAL GEOMAGNETIC FIELD (GAUSS) 0.250

E L E ***************************************$********
•SIGNAL FREQUENCY (MHZ)

(nFG) (DEG)* 2.00 3.00 4.00 6.00 8.00 12.00 16.00 24.00 32.00

0 0 * 260. 192. 143. 84. 51i. 28. 16. 8. 4.
10 * 16. 137. 102. 60. 39. 20. 12. 6. 3.
20 * 120. 88. 66. 39. 25. 13. A. 4. 2.
30 * 87. 64. 48. 2R. 18. 9. 6. 3. 2.
45 * 63. 47. 35. 21. 13. 7. 4. 2. 1.
65 * 0. 37. 27. 16. 11. 5. 3. 1. 1.

go * 46. 34. 25. 15. 10. S. 3. 1. 1.

20 0 * 241. ISO. 134. 79. 51. '6. 15. 7. 4.
10 * 175. 129. 96. 57. 37. 19. 11. 5. 3.
20 * 113. 83. 62. 37. 24. 12. 7. 3. 2.
30 * R2. 60. 45. 27. 17. 9. 5. 2. 1.
49 * 60. 414. 33. 19. 13. 6. 4. 2. 1.
6r * 47. 35. 26. 15. 10. 5. 3. 1. 1.
90 * 43. 32. 23. 14. 9. 5. 3. 1. 1.

40 0 * 200. 147. 110. 65. 42. 21. 13. 6. 3.
to * t43. 105. 78. 46. 30. 15. 4. 4. 2.
20 * P2. 68. 51. 30. 19. 10. 6. 3. 2.
30 * 67. 49. 37. 22. 14. 7. 4. 2. 1.
49 * 49. 36. 27. 16. 10. 5. 3. 1. 1.
69 * 38. 28. 21. 13. 8. 4. 2. 1 1.
gO * 35. 26. 19. 11. 7. 4a 2. 1 I.

60 0 * 135. 9q. 74. 44. 28. 14. 9. 4. 2.
to * 97. 71. 53. 31. 20. 10. 6. 3. 2.
20 * 62. 46. 34. 20. 13. 7a 4. 2. 1.
30 * 45. 33. 25. 15. 9. 5. 3. 1. 1.
49 * 33. 24. 1q. 11. 7. 3. 2. 1. 1.
69 * 26. 19. 14. A. 5. 3. 2. 1. n.
q * 24. 17. 13. 8. 5. 3. 1. 1. 0.

80 0 * 63. 46. 34. 20. 13. 7. 4. 2. 1.
10 * 45. 33. 25. 15. g. 5. 3. 1. 1.
20 * P9. 21. 16. go 6. 3. 2. 1 0.
30 * 21. 15. 12. 7. 4. 2. 1. 1. 0.
45 * 15. it. 8. 5. 3. 2. 1. 0. 0.
65 * 12. 9. 7. 4. 3. 1. 1. 0. 0.
go * 11. 8. 6. 4. 2. 1. 1. 0. 0.

100 0 * 3. 2. 2. 1. 1. 0. 0. 0. 0.
TO 10 * 2. 2. 1. 1. 0. 0. 0. 0. 0.

I8 20 * 1. 1, 1. 0. 0. 0. 0. 0. 0.
30 * 1. 1. 1. 0. 0. 0. 0. 0. 0.
S• 1. 1. . 0. 0. 0. 0. 0. 0. 0

65 * 1 0. 0. 0. 0. 0. 0. 0. 0.
90 * 1. 0. 0. O. 0. 0. 0. 0. 0.

045/070
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S S * TOTAL IONOSPHERIC ARSORPTION LOSS (DECIRELS)

L W G f4 * AVERAGE SUNSPOT NUMBER (R121 45.
A G N G * ELECTRON SYRO-FREQUENCY (MHZ) 1.120
R L A L * TOTAL GEOMAGNETIC FIELD (GAUSS) 0.400

F L E ******$**************4*******$***********t*
* rIGNAL FREGUENCY (MHZ)

(DEG) (DFG)* P.o 3.00 4.00 6oOf 8,00 12.0n 16.00 24.00 32.Of

0 0 * ?2q. 169, 127. 77. 50. 26. 16. 7. 4.
10 * 164. 121. 91. 55. 36. 19. 11. 5. 3.
20 * 106. 78. 59. 35. 23. 12. 7. 3. 2.
30 * 77. 57. 43. 26. 17. 9. 5. 3. 1.
45 * 56. 41. 31. 19, 12o 6, 4o 2. 1,
65 * 44. 33. 24. 15. 10. 5. 3. 1. 1,
90 * 40. 30. 22. 13. 9. 5. 3. 1* 1.

2n 0 * 215. 159. 119. 72. 47, 24. 15. 7, 4.
10 * 154. 114. 85. 51. 34o 17. 11, 5o 3.
20 * qq, 73. 5). 33. 22. 11. 7. 3. 2.
30 * 72. 53. 40. 24. 16. 8. 5. 2. 1.
45 * 52. 39o 29. 1. 12. 6. 4, 2. 1*
65 * 41. 31. 23. 14. 9. 5o 3. 1. 1,
QO * 38. 28. 21. 13. 8. 4. 3. 1. 1.

4n 0 * 176, 130. 97, 59. 39. 20. 12. 6. 3.
10 * 126. q3. 70. 42. 28. 14. 9. 4. 2.
20 * 81. 60. 45. 27. 18. 9. 6. 3. 2.
30 * 59. 44. 33. 20. 13. 7. 4*. 2. 1*
45 * 43o 32. 24. 14. 9. 50 3. 1. 1,
65 * 34. 25. 1q. 1l. 7, 4o. 2. I 1.
90 * 31. 23. 17. 10. 7. 3. 2. 1. 1.

60 0 * 119. 98. 66. 40. 26. 13. 8, 4. 2.
10 * 85. 63. 47. 28. 19. 10. 6. 3. 2.
20 * 55. 40. 30. 18. 12, 6. 4. 2. 1,
30 * 40. 29. 22. 13. 9. 5. 3. 1. 1.
49 * 29. 21. 16. 10. 6. 3. 2. 1. 1.
65 * 23. 17. 13. 8. 5. 3. 2. 1. 0.
90 * 21. 15. 12. 7. 5. 2. 1. 1. 0.

AO 0 * 51. 41. 30, 18. 12. 6. 4. 2. 1.
10 * 39. 29. 22. 13. 9. 4. 3. 1. 1*
20 * 25. 19. 14. A, 6, 3. 2. 1. 0.
30 * 18. 14*. 10. 6. 4*. 2., 1 1. 0.
45 * 13. 10. 7. 4. 3. 2. 1. 0 0.
65 * ll. 8. 6. 4. 2. 1 1. 0. 0.
9o * 10. 7. 5. 3. 2. 1. 1 , 0.

100 0 * 3. 2. 2. 1. 1. 0. 0. 0. 0.
TO 10 * 2. 1. 1. 1. 0. 0. 0. 0. 0.
1RO 20 * 1. 1. 1. 0. 0. 0. 0. 0. 0.

30 * 1. 1. 1. 0. 0. 0. 0. 0. 0.
45 * t. 0. 0. 0. 0. 0. 0. 0. 0.
65 * 1. 0. 0. 0. 0. 0. 0. 0. 0.
90 * O. 0. o. 0. 0. 0. 0. 0. 0.
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S S TOTAL IONOSPHERIC ABSORPTION LOSS (DECIRELS)
'A I A *44*444*414***44**$44*444$4

L U G N * AVERAGE SUNSPOT 11IMF3ER (R12) 45,
A , t G * ELECTRON GYRO-FREqIHENCY (MHZ) 1.400
R L A L * TOTAL GEOMAGNETIC FIELD (GAIJSr) 0.500

F L F + 4 494 4 4 44 +4r f * * #4, 4t 4 #4 41 f4144 4*4 #t4#*4, #

* SIGNAL FREOUErNCY (MH7)
(DFG) (DEG)* 2.00 3.00 4.00 6.00 8.0n 12.00 16.00 24.00 32.00

0 0 * 210. 156. 117. 72. 48. 25. 19. 7. 4.
10 * 150. 1110 84. 51. 34. 18. II. 5. 3.
20 * q7. 72. 54. 33. 22. 12. 7. 3. 2.
30 * 70. 52. 39. 24. 16. 8. 5. 2. 1.
49 * 51. 38. 29. 18. 12. 6, 4. 2. 1
65 * 40. 30. 23. 14. 9. 5. 3. 1. 1.
9O * 37. 27. 21. 13. 8. 4. 3. 1. 1.

*** 4** 4 *9'$4 *#** # a 4* * 4***4 4* 4*#**$**** **** ** *** # .* 4, *

2n 0 * 197. 146. 110. 67. 45. 23. 14. 7, 4.
10 * 141. 105. 79. 4R. 32. 17. 10. 5. 3.
20 * 91. 67. 51. 31. 21. 11. 7. 3. 2.
30 * 66. 49. 37. 23. 15. 8. 5. 2. 1.
45 * 48. 36. 27. 16, 1". 6. 3. 2. 1.
6i * 3A. 28. 21. 13. 9. 5. 3. 1, 1.
Q0 * 39. 26. 1Q, 12, 8. 4. 3. 1. 1.

*444 *41t 4 t 444444*4 * + 4 444t 4*4 * 4 4444 k* *44*49* t* 4*41*4* *

40 0 * 161. 120. 90. 5h. 37. 19. 12. 6. 3.
10 * 115. 86. 65. 39. 26, 14 . 9. 4. 2.
20 * 74. 5). 42. 29. 17. 9. 5. 3. 2.
30 * 94. 40. 30. 19. 12. 6. 4. 2. 1.
45 * 39. 2q. 22. 13. 9. 5. 3. 1. 1.
65 * 31. 23. 17. II. 7. 4. 2. 1. 1.
90 * 28. 21. 16. 10. 6. 3. 2. 1. 1.

60 0 * 109. Fle 61. 31. 25. 13. 8. 4. 2.
10 * 78. 58. 44. 27. 18. 9. 6. 3. 2.
20 * 50. 37. 28. 17. 1i, 6. 4. 2s 1.
30 * 37. 27. 20, 12. 8. 4. 3. 1. 1
45 * 27. 20. 15. 9. 6. 3. 2. I° 1.
65 * 21. 16. 12. 7. 5. 2. 2. 1. 0.
o * 19, 14. 1]. 7. 4. 2. i 1. Do

* 44 t 41 44 4 4 4 4 4 t 4 * t * * 44** # * * * 414 * 4, t s, * * 4 * * ,* .# $ j.

80 0 * 50. 37. 28. 17. 11 6. 4. 2. 1.
10 * 36. 27. 20. 12. B. 4. 3e 1. 1.
20 * 23. 17. 13. 8. 9. 3. 2. 1. O
30 * 17. 13, 9. 6. 4. 2. 1. 1. 0.
45 * 12. 9. 7. 4. 3. I. I. 0. 0.
65 * 10. 7. 5. 3. 2. 1. 1. 0. 0.
g9 * 9. 7. 5. 3. 2. I 1 .0. 0.

100 0* 3. 2. 1. i i 0. 0. 0. 0.
TO 10* 2. 1, 1. 1. 0. 0. 0. 0. 0.
180 20 * 1. 1. 1. 0. 0. 0. 0. 0. 0.

30 * 1. 1. 0. 0. 0. 0. 0. 0. 0.
45 * 1. 0. 0. 0. 0. 0. 0. f. 0.
65 * 0. 0. 0. 0. 0. 0. 0. 0. 0.

00 * 0 0. 0. 0. 0. 0. 0. 0. 0.

045/ 140
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I
S S $ TOTAL IONOSPHERIC ABSORPTION LOSS (DECIBELS)
0 A I A ************************.**
L N 6 N * AVERAGE SUNSPOT NUMBER (R12) 45.
A 6 N G * ELECTRON GYRO-FREQUENCY (MHZ) 1.820
R L A L * TOTAL GFOMAGNETIC FIELD (GAUSS) 0.650

E L E ***************************s***************
* SIGNAL FREQUENCY (MH?)

(DEG) (DEG)* 2.00 3.00 4.00 6.00 8.00 12.00 16.00 24.00 32.00

0 0 * 185. 138. 105. 65. 44o 24. 15. 7. 4.
10 * 132. 9Q. 75. 47. 32. 17. 10. 5. 3.
20 * 85. 64. 49. 30. 20. 11. 7. 3. 2.
30 * 62. 46. 35. 2?. 1. R. 5. 2. 1.
45 * 45. 34. 26. 16. 11. 6. 4. 2. 1.
65 * 36. 27. 20. 13. s. 5. 3. 1. 1.
90 * 32. 24. 18. 11. F. 4. 3. 1. 1.

20 0 * 174. 130. 9q* 62. 41. 22. 14. 7. 4.
10 * 124. 93. 71. 44. 30. 16. 10. 5. 3.
20 * 80. 60. 46. 28. 19. 10. 6. 3. 2.
30 * 58. 43. 33. 21. 14. 7. 5. 2. 1.
45 * 42. 32. 24. 15. 10. 5. 3. 2. 1.
65 * 33. 25. 19. 12. 8. 4. 3. 1. 1.
go * 30. 23. 17. i. 7. 4. 2. 1. 1.

********************************** *****************************

40 n * 142. 106. 81. 90. 34. 18. 11. 5. 3.
10 * 102. 76. 58. 36. 24. 1-3. 8. 4. 2.
20 * 66. 49. 37. 23. 16. 8. 5. 3. 1.
10 * 48. 36. 27. 17. 11. 6. 4. 2. 1.
49 * 35. 26. 20. 12. 8. 4. 3. 1. 1.
65 * 27. 20. 16. 10. 7. 3. 2. 1. 1.
go * 25. IQ. 14. 9. 6. 3. 2. 1. 1.

60 0 * 960 72. 55. 34. 23o 12. a. 4s 2.

10 * 6q. 51. 39. 24. 16. g. 9. 3. 2.
20 * 44o. 33. 25. 16. li. 6. 3. 2. 1.
30 * 32. 24. 18. 11. 8. 4. 3. 1. 1.
45 * 23. 17. 13. 8. 6. 3. 2. 1. 1.
65 * 18. 14. 11. 7. 4*. 2. 1. 1. 0.
go * 17. 13. 10. 6. 4. 2. 1. 1. 0.

80 0 * 44. 33. 25. 16. 11. 6. 3. 2. 1.
10 * 32. 24. 18. 11. 8. 4,. 3. 1. 1.
20 * 21. 15. 12. 7. 5. 3. 2. 1. 0.
30 * 15. 11. s. 5. 4. 2. 1. 1. 0.
45 * 11. 8. 6. 4. 3. 1. 1. 0. 0.
65 * 9. 6. . 3. 2. 1. 1. 0. 0.
90 * 8. 6. 4. 3. 2. 1. 1. 0. 0.

100 0 * 2. 2. 1. 1. 1. 0. 0. 0. 0.
TO 10 * 2. 1 1. 1. 0. 0. 0. 0. 0.180 20 * 1. 1. 1. 0. 0. 0. 0. 0. 0.

30 * 1. 1. 0. 0. 0. 0. 0. 0. 0.
45 * 1. . 0. 0. 0. 0. 0. 0. 0.65 * 0. 0. 0. 0. 0. 0. 0. 0. 0.
go * 0. 0. 0. 0. 0. 0. 0. 0. 0.

045/182
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S S * TOTAL IONOSPHERIC ARSORPTION LOS' (DECIBELS)
0 A T A
L N GI * AVERAGE SIjfJrPOT tJuMHER (P12) 135.
A G t) * ELECTRON GYRO-FRF9') tICY (MH7) 0.7nn
0 L A L * TOTAL GEOMAGtIETIC FIELD (GAIJIS) 0.250

E L- F 1, 4 14 41
SIGIJAL FREDIJENCY (MHZ)

(DFG) (DEG)* 2.100 3.0) 4. 01 6.On R.O) 12.00 16.ni 24.00 32.nnl

n 0 * 314. 246. 183. 109. 70. 35. 21. 10. 6.
In * 23q. 176. 131. 78. 90. 25. 19. 7. 4.
20 * 154. 114a 89. 90. 32. 16. in. 9. 3.
30 * 112. A3. 61. 36. 24. 12. 7. 3. 2.
4 * 82. 60. 49. 26. 17. Q. 9. 2. 1.
h5 * 64. 47, 35. 21. 14. 7. 4. 2. 1.
90 * 99. 43. 32. 19. 12. 6. 4. 2. 1.

20 0 * 314. 231. 172. 102. 61. 33. 20. g. 5.
10 * 229. 16(. 123. 73. 47. 24. 14. 7. 4.
20 * 145. 107. 79. 47. 30. 15. q. 4. 2.
30 * 105. 78. 58. 34. 2?. 11. 7. 3. 2.
49 * 77. 56. 42. 29. 16. A. 9. 2. 1.
65 * 60. 45. 33. 20. 13. 6. 4. 2. 1.
go * 5'). 41. 30. 18. 12. 6. 3. 2. 1.

40 0 * 297. 189. 141. 83. 54. 27. 16. 8. 4.
10 * 184. 135. 101. 60. 39. 20. 12. 9. 3.
20 * l1q. m7. 65. 38. 29. 13. 8. 4. 2.
30 * 86. 63. 47. 28. Is. 9. 5. 3. 1.
49 * 63. 46. 34. 20. 13. 7. 4. 2. 1.
61 * '4q. 36. 27. 16. 10. 5. 3. 1. 1.
90 * 45. 3.1. 25. 1;. g. 9. 3. 1. 1.

60 0 * 173. 128. 95. 56. 36. 18. 11. 5. 3.
10 * 124. 91. 68. 40. 26. 13. 8. 4. 2.
20 * 80. 99. 4u. 26. 17. 8. 5. 2. 1.
30 * 58. 43. 32. 1g. 12. 6. 4. 2. 1.
45 * 42. 3i. 23. 14. 9. 4. 3. 1. 1.

69 * 33. 25. 18. 11. 7. 4*. 2. 1. 1.
90 * 30. 22. 17. 10. 6, 3. 2. 1. 1.

1 1- I#k14 * 4 14 1 4 4 4 * 4 14 * #* # +, 4 4 1 44 4 J, t4 **s

A0 0 * 8o. 99. 44. 26. 17. 9. 5. 2. 1.
10 * 58. 42. 32. 19. 12. 6. 4. 2. 1.
20 * 37. 27. 20. 12. 8. 4. 2. 1. 1.
30 * 27. 20. 15. 9. 6. 3. 2. 1. 0.
45 * 20. 14. 11. 6. 4. 2. 1. 1. 0.
69 * 15. 11. 8. 5. 3. 2. 1. o. 0.
90 * 14. 10. 8. 5. 3. 1. 1. 0. 0.

100 0 * 4. 3. 2. 1. 1. 0. 0. 0. 0.
TO 10 * 3. 2. 2. 1. 1. 0. 0. 0. 0.
180 20 * 2. 1. 1. 1. O. o. 0. 0. 0.

30 * 1. 1. 1. o. O. 0o. . o. 0.
49 * 1. s 1e . 0. 0. 0. 0. 0.
65 * 1. 1. 0, O. 0o. o. 0. 0, 0.
9o * 1. 1. 0. 0. 0. 0. o. 0. 0.

135/070
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S S * TOTAL IONOSPHERIC AISORPTION LOSS (DECIBELS)

0 A I A *f + 41*t 4 4444; #4 4*#4 t 4* ;4 44 1-t 4104)4 4
k t

L N G N4 AVERAGE SUNSPOT NUMBER (R12) 135.
A G N (, * ELECTRON GYRO-FREQUEN4CY (MHZ) 1.120
R L A L * TOTAL GEOMAGNETIC FIELD (GAUSS) 0.w400

F L E *4 4 f*4 - * # i , 4 * t f # t 4* ,4 t* 4,* * * * tI* & - 4

S SIGNAL FREQUENCY (MHZ)
(DEG) (DEG)* 2.0) 3.00 4.OU 6.011 8.00 12.00 16.00 24.00 32.00

I k *. 4 t4 4 1 . ; I f & 4 4 44 4 4 01 t * 4 4 41 f 4 4 4 t 4 4 & * * f4: * ,4414 4: * t 4 4 * * * t 4- * *4k

I0 n * 244. 217. 163. 98. 65. 33. 20. 10. 6.
tO * 210. 15g. 117. 70. 46. 24. 14. 7. 4.
20 * 136. 10(). 79. 49. 30. 15. 9. 4. 3.
30 * Q44, 73. SS. 33. 22. 11. 7, 3. 2.
45 * 72. S3. 40. 24. 16. a. 9. 2. 1,
69 * 57. 42. 31. 19. 12. 6. 4, 2. 1.
0* 92. 38. 29. 17. 11. 6. 4o. 2. 1.

pn 0 * ?76. 204. 153. 92. 61. 31. 19. 9. 5,
10 * 198. 146. 110. 6b. 43. 22. 14 6. 4.
PO * 127. 94. 71. 43. 28. 14. 9. 4. 2.
30 * 93, 6R, 51. 31. 20. 11. 6. 3. 2.
4S * 67. 90. 37. 23. 19. 8. 9. 2. 1.
61 * 53. 39. 29. 18. 12. 6. 4o. 2. 1.
q0 * 4A. 36. 27. 16. 11. 5. 3. 2. 1.

40 n * 2,6. 167. 125. 76. 50. 26. 16. 7. 4o.
10 * 162. 119. 90. %4. 36. 18. 11. 5. 3.
20 * 1n4. 77. 98. 35. 23. 12. 7. 3. 2.
30 * 76o. 96. 42. 29. 17. 9. 5. 2. 1.
49 * '-1. 41. 31. 18. 12. 6. 4. 2. 1.
65 * 44. 32. 24. 19. 10. 9. 3. 1. 1.
go * 40. 2. 22. 13. 9. 4. 3. 1. 1.

60 0 * 153o 113. 9. 51. 34. 17. 10. 5. 3.
10 * lo. A1. 61. 37. 249 12. 7. 4o 2.
20 * 7n. 92. 39. 24. 15. 8. 5. 2. 1.
30 * 51. 39. 28. 17. iIe 6. 4o 2. IQ
45 * 37. 27. 21. 12. 8. 4. 3. 1. 1.
65 * 29. 22. 16. 10. 6. 3o 2. 1. 1,1o * 27. 20. 15. 9. 6. 3o 29 1. t.
1** 4 1 , i 4*# t f # ;, + t * 44 4 4 41 t44" * * 4** 4 4* 4 * 11 *4 * 44 * 4 A 1

FO 0 * 71. 52. 39. 24. 16. 8o 5. 2. 1.
10 * 51. 37. 28. 17o IL. 6. 3. 2. 1.
20 * 33. 24. 18. 11. 7. 4. 2. 1. 1.
30 * 24o. 18. 13. 8. 5. 3. 2. 1. 0.
45 * 17. 13. 10. 6. 4. 2. 1. 1. 0.
65 14*. 10. 8. 5. 3. 2. 1. 0. 0.
go * 12. 9. 7. 4o 3. 1. 1. 0. 0.

too 0 * 4. 3. 2. 1* 1. o 0. 0 . 0.
TO 10 * 3. 2. 1. 1. 1. 0. 0. 0. 0.
10 20 * 2. 1. 1. 1. 0. 0. 0. 0. 0.

30, 1. 1. 1* O . 0 . 0. 0. 0. 0
45* 1. 1. 0. 0. 0. 0. 0. 0. 0.
65* 1. 0. 0. 0. 0. 0. 0. O. Of
90 * 1. 0. 0. 0. 0. 0. 0. 0. O

135/112
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5 * TOTAL IONOSPHERIC ARSORPTION LOSS (DECIFELS)

N pi G H * AVERAGE SUNfSPOT FIIJMHER (R12) 135.
A G l G . ELECTROII GYRO-FREOIJEfiCY (MHZ) 1.40n
R L A L * TOTAL GEOMAGNETIC FIELD (GAUSS) n.500

F L E .*,44,l44.44*4.44 , '44 ,'444,,44:,,4 I.

, SIGrAL FRE011ENCY (MHZ)
(MEG) (CEG)* 2.00 3.00 4.00 6.00 8.00 12.0)0 1h.o0 24.00 32.00

* I# II ** &4 4 1 t 4 44t4 41#4 64 1 44f- t ' 4 1 4 * 4 1 f 44 4 *44*#f &At tf 0 tt 1 4 *

a n * 27n. 20f), 151 . Q2. 61. 3 . 20. 9. 6.
10 * l93. 143. 108. 66. 44. 73. 14. 7. 4.
20 * 125. 92. 70. 43. 28. 19. 9. 14. 3.
3n * 90. 67. 91. 31. 21. t1. 7. 3. 2.
45 * 66. 49. 37. 23. 19. 8. 5. 2. 1.
65 * 52. 39. 2q. 1s. 12. 6. 4. 2. 1.
90 * 47. 35. 26. 16. 11. 6. 3. 2. 1.

20 0 * 2'4. 18. 142. 87. 98. 30. 18. 9. 5.
10 * 181. 134. 102. 62, 41. 22. 13. 6. 4.
20 * 117. 87. 65. 40. 27. 14. 8. 4. 2.
30 * 89. 63. 48. 29. 19. 10. 6. 3. 2.
45 * 62. 46. 35. 21. 14, 7. 4. 2. 1.
6) * 49. 36. 27. 17. I. 6. 4. 2. 1.
Qo * 44. 33. 25. 15. 10. 9. 3. p. 1.

40 0 * 207. 154. 116. 71. 47. 25. 19. 7. 4.
10 * 148. 110. 83. 91. 34. 18. I. 9. 3.
20 * 96. 71. 54. 31. 22. 11. 7. 3. 2.
30 * 70. 52. 39. 24. 16. 8. 5. 2. 1.
45 * 51. 37. 28. 17. it. 6. 4. 2. 1.
69 * 40. 30. 22. 14. 9. 5. 3. 1. 1.
90 * 36. 27. 20. 12. 8. 4, 3. 1. 1.
*i4 A4 .4#4 4 4 , i * 4 4t4 :&k4 1 I t .4 i, * 44 1 !:

60 0 * 140. 104. 78. 48. 32. 17. 10. 5. 3.
10 * 100. 74. 56. 34. 23. 12. 7. 4. 2.
20 * 69. 48. 36. 22. 19. 8. 5. 2. 1.
30 * 47. 39. 26. 16. 11. 6. 3. 2. I.
49 * 34. 25. 19. 12. A. 4. 2. 1. 1.
65 * 27. 20. 15. 9. 6. 3. 2, 1. 1.
90 * 25. 18. 14. H. 6. 3. 2o 1. 1.

g0 0 * 6(. 4. 36. 2?. 1. A. 5. 2. 1.
10 * 46. 34. 26. 16. 11. 6. 3. 2. 1.
20 * 3n. 2;'. 17. 10. 7. 4. 2. 1. 1.
30 * 22. 16. 12o 7. 5. 3. 2. 1. 0.
46 * 16. 12. 9. 5. 4. 2. s 1. 0.
65 * 13. q. 7. 4. 3. 1. 1. 0. 0.
Q0 * 11. 8. 6. 4. 3. 1. 1. 0. 0.

** t 4. 1 . 4 1 1 * * I # * *$ I * 41 *. t 4 t* * 4 * * 4* 4 f * I * 4. 1. * # 4 f 4 1 4, )4 k. $ 4 * * 4 4 4 4.4

100 0 * 3. 2. 2. 1. 1. o. 0. O. 0.
TO 10 * 2. 2. 1. 1. to 0. 0. 0. 0. -

3 0* 1. 1. 1. O. 0. 0. 0. 0. 0.
5 * 1. 1. 1. 0. 0. 0. 0. 0. 0. "

65 * 1. 1 0. 0. 0. 0. 0. 0. 0.
60 * 1. 0. 0, 0. 0. 0. 0. 0. 0.

135/140 ,'
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S S * TOTAL IONOSPHERIC ABSORPTION LOSS (DECIRELS)

L N G N •AVERAGE SUNSPOT NUMBER (R12) 135.
A G N G * ELECTRON GYRO-FREQUENCY (MHZ) 1.820
R L A L * TOTAL GEOMAGNETIC FIELD (GAUSS) 0,650

E L E **4*44*~*444 *4*444 *444444

*SIGNAL FREQUENCY CMHZI
(nEG) (DEG)* 2,00 3s0n 4.00 6o0n R.00 12son 16,011 24*00 32900

0 0 * 238. 177. 135. 84. 57. 30. 19. 9. 5.
10 * 170. 127. Q7. 60. 41. 22. 13. 7. 4o.
20 * 110. 82. 62. 39. 26. 14. 9. 4o 2.
in * go. 59. 45. 28. 1q. 10. 6. 3. 2.
45 * 58. 43. 33. 21. 14. 7. 5. 2. 1.
65 * 46. 34o. 26. 16. 11. 6. 4o. 2. 1.
90 * 42. 31o 24. 15. 10. 5. 3. 2. 1.

20 n * 223. 167. 127. 79. 53. 28. 1i. 9. 5.

10 * 160. 119. Qi. 57. 38. 20. 13. 6. 4o
20 * 103. 77. 99. 36. 25. 13. a. 4. 2.
30 * 75. 56. 43. 27. 18. 10. 6. 3. 2.
45 * 54. 41. 31. 19. 13. 7. 4. 2. I.
65 * 43. 32. 24. 15. 10. 5. 3. 2. 1.
Q0 * 39. 29. 22. 1o. 9. 5. 3. 2. 1.

40 0 * 183. 136. 104. 65. 44. 23. 14. 7. 4.
10 * 131. Q7. 74. 46. 31. 17. 10. 5. 3.
20 * 84. 63. 48. 30. 20. 11. 7. 3. 2.
30 * 61. 46. 35. 22. 15. 8. 5o 2. 1
45 * 45. 35. 25. 16. 11. 6. 4. 2. 1.
65 * 35o 26. 20. 12. 8. 4. 3o 1. 1.
9O * 32. 24. i. 11. 8. 4. 3o 1. 1

60 0 * 123. 92. 70. 449 29, 16. 10. 5. 3.
10 * 88. 6r. 50. 31. 21. 11. 7. 3. 2.
20 * 57. 42. 32. 20. 14. 7. 4o. 2. 1.
30 * 41. 31. 23. 14. 10. 5. 3. 2. 1.45 * 30o 22. 17, it. 7o 4o 2. I. 1*1 65 * 26. 2R 15. 9. 6. 39 2, 1o 1,
30 * 229 14. 12. 8 5. 3 2. 1* 0.

4 0 57. 43. 33. 20. 3. 2. 1. 2. 0.
10 * 1. 31. 23. 14. 30. 5. 3. 2. 1.
20 * 26o. 20. 15. q. 6. 3. 2 1. .
3 0 * 3. 2. 1 7o S, 21 2 10 0.i TO 1. 0. Be 5. 0. . 1. 0 . 0.
65 B 16. 8 6.s . 0. 0. 0. 0. 0.
go too0 7, 60 4. 2o 1. 1. 0. 0.

100 n 3. 2. 2. 0. 1. o. 0. O. 0.

65 * 1. 0. 0. 0. 0. O. 0. 0. 0.

90 * 1 3, 182 0. 0. 0. 0.13
209



S S TOTAL IONOSPHERIC ABSORPTION LOSS (DECIBELS)
0 A I A
L N G N * AVERAGE SUNPOT NUMBER (R12) 30.
A G N G * ELECTRON GYRO-FREQUENCY (MHZ) 0.700
R L A L * TOTAL GEOMAGtIETIC FIELF) (GAUSS) 0,2%0

F 1. F
* rIGNAL FREQUENCY (MHZ)

(fEG) (DEG)* 2.on 3.00 4.n 6.0) 6,00 12.00 16.00 24,ON 32,0)

0 0 * 24A. 183. 136. 840. 92. ?6. 16. 7. 4.
10 * 177. 131. 97. Sm. 37. 19. it. S. 3.
20 * 114. 84. 63o 37. 24. 12. 7. 3. 2.
30 * 83. 61, 46. 27. 17. 9. So 2. 1,
49 * 60. 45. 33. 20. t3. 6. 4. 2. 1.
65 * 48. 35. 26. 15, 10. 5. 3. 1. 1,
go * 43. 32. 24. 14. 9. 9. 3o 1. 1

;0 0 * 233. 171. 128. 76. 49. 25, 15. 7o 4o
10 * 16f6. 123. 91. 94. 39. 1. 11. 5. 3,
20 * 107. 79, 59. 39. 23. 11. 7o 3, 2.
30 * 78. 97. 43. 25. 16. 8. 5. 2. Is
45 * 97. 42. 31. 18. 12. 6. 4. 2. 1.
65 * 49, 33, 25, 15, 9. 5e 3, 1. 1.
90 * 41. 30. 22. 13, 9. 4, 3. 1. 1.

40 0 * t9n, 140. 104. 62, 40. 20. 12. 6. 3.
10 * 136. 100. 75, 44. 29. 14. 9. 4, 2.
2) * 88. 65. 4. 29. 18. 9 6. 3. 2.
3n * 64. 47. 35. 21. 13. 7. 4. 2. 1.
45 * 46. 34. 25. 15. 10. 5. 3s 1 1.
65 * 37. 27. 20. 12. B. 4. 2. 1. 1.
9o * 33o 29. 18. 11. 7. 4. 2. 1. 1.

60 0 * 129. g5. 71. 42. 27. 14. 8. 4. 2.
10 * q2. 68. 50o 30. 14. 10. 6. 3. 2.
20 * 59. 44. 33. 19. 12. 6. 4. 2. 1.
30 * 43. 32. 24. 14. 9. 5o 3o 1. 1s
45 * 31. 23. 17. 10. 7, 3. 2. 1. Is
69 * 25. I8 14. 8. 5. 3. 2. 1. 0o
go * 23. 17. 12, 7, 5. 2. 1. 1. 0.

8o 0 * 60. 44. 33. 19. 12. 6. 4o 2. 1.
10 * 43. 31. 23. 14. 9. 5o 3. 1, 1.
20 * 27. 20. 15. 9. 6. 3o 2. 1. 0. I
30 * 20. 15. 111 6, 4. 2. 1. I 0.
49 * 15. 11 B. 5. i3 2. 1. 0, 0.
65 * 11. 8. 6. 4. 2. 1. 1. 0. 0.
9o * 10. 8 6. 3. 2. 1. 1. 0. 0.

100 0 * 3, 2. 2. 1. 1. 0. 0. 0. 0.
TO 10 * 2. 2. 1 1. 0. 0. 0. 0. 0.
180 20 * 1. 1. 1. 0. 0. 0. 0. 0. 0.

30 * 1. to 1. 0o 0. 0. 0. 0. 0.
49 * Is 1. 0o 0. 0. 0. 0. 0, 0.
69 * 1. 0. 0. 0. 0. 0. 0. 0. 0.
9o * 1 0. o. . 0. 0. 0. no 0.

030/070
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S S TOTAL IONOSPHERIC ASORPTION LOSS (DECIELS)

L N G N * AVERAGE SUNSPOT NUMBER (R12) 30.
A G N 6 ELECTRON GYRO-FREQUENCY (M4HZ) 1.120
R L A L TOTAL GEOMAGNETIC FIELO (GAUSS$ 0.400

E L E
• SIGNAL FREQUENCY (MHZ)

(EG) (DEG)* 2.00 3.00 4.00 6.00 8.00 12.00 16.00 24.00 32.00
**** ********* *********************************************
0 0 * 218. 161. 121. 73. 48. 25. 15. 7. 4o.

10 * 156. 115. 86. 52. '34. 18. 11. 5. 3.
2n * 101. 74. 56. 34. 22. 11. 7. 3. 2.
30 * 739 54o. 40. 24. 16. 8. 5. 2. 1.
45 * 53. 39. 29. 18. 12. 6. 4. 2. 1.

65 * 42. 31. 23. 14. g. 5. 3. 1. 1.
9n * 3R. 28. 21. 13. 8. 4. 3. 1. 1.

20 n * 205. 151. 113. 68. 49. 23. 14. 7. 4.
10 * 146. 108. 81. 49. 32. 17. 10. 5. 3.
20 * q4. 70. 52. 32. 21. 11. 6. 3. 2.
30 * 69. 51. 38. 23. 15. 8. 5. 2. 1.

45 * 50. 37. 28. 17. it. 6. 3. 2. 1.
65 * 39. 29. 22. 13. 9. 4. 3. 1. 1.
go * 36. 26. 20. 12. 8. 4o. 2. 1. 1.

40 0 * 167. 124. 93. 56. 37. 190 12. 5. 39

10 * 120. 88. 6ho 40. 26. 14o. 8. 4*. 2.
20 * 77. 57. 43. 26. 17. 9. 5. 3. 1.
30 * 56. 41. 31. 1g. 12. 6. 4. 2. 1.
45 * 41. 30. 23. 14. 9. 5. 3. 1. 1.
65 * 32. 24. 18. 11. 7. 4. 2. 1. 1.
go * 29. 22e. 16. 10. 6. 3. 2. 1. 1.

60 0 * 113. 83. 63. 38. 25. 13. 8. 4. 2.
to * 81. 60. 45. 27. IR. 9. 6. 3. 2.
20 * 52. 3q. 29. 17. 11. 6. 4o. 2. 1.
30 * 38. 28. 21. 13. 8. 4. 3. 1. I.
45 * 28. 20. 15. 9. 6. 3. 2. 1. 1.
65 * 22. 16. 12. 7. 5. 2. 1. 1. 0.
9O * 20. 15. 1. 7. 4,. 2. 1. 1. 0.

8O 0 * 52. 39. 29. 18. 12. 6. 4o. 2. 1.
10 * 37. 28. 21. 13. B. 4. 3. 1. 1.
20 * 24. 18. 13. 8. 5. 3. 2. 1. 0.

30 * 18. 13. 10. 6. 4. 2. 1. 1. 0.
45 * 13. 9. 7. 4*. 3. 1. i. 0. 0.
65 * 10. 7. 6. 3. 2. 1. 1. 0. 0.
90 * g. 7. 5. 3. 2. 1. 1. 0. 0.

100 0 * 3. 2. 1. 1. 1. 0. 0. 0. 0.
TO 10 • 2. 1. 1. 1. 0. 0. 0. 0. 0.
180 20 • 1. 1. 1. 0. 0. 0. 0. 0. o.

30* 1. 1. 0. 0. 0. 0. 0. 0. 0.
45• 1. 0. 0. 0. 0. 0. 0. 0. 0.
65 Is 1. 0. as 0. 0. . 00 0. 0.
go • 0 no no no 00 0 . 00 0. 00

1 030/112
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S S * TOTAL IONOSPHERIC ABSORPTION LOSS (DECIBELS)
0 A I A *****4*********44**4 ** **4**444*
L N4 G tN * AVERAGE SUNSPOT NUMBER (R12) 30.
A G N G * ELECTRONi GYRO-FREQUENCY (MHZ) 1.400
R L A L * TOTAL GEOMAGIAETIC FIELD (GAUSS) 0.500

E L F ***********44** *** ****$4444444444***44***4**4
* SIGNAL FREQUENCY (MH7)

(MEG) (DEG)* 2.00 3.On 4.O0 6.00 8.no 12.00 16.00 24.00 32.0n
*4** *t***444**4**4444**4***4$*444ttttt***t4444*****444*444*

n 0 * 200. 148, 112. 68. 45. 24. 19. 7, 4.
In * 143. 106. A0. 49. 32. 17. 10. 9. 3.
20 * P2. 68. 52. 32. 21. 11. 7. 3. 2.
30 * 67, 50. 38. 23. 15. 8. 5. 2. 1
49 * 49. 36. 27. 17. li. 6. 4. 2. 1.
65 * 39. 2q. 22. 13. 90 5 3. 1. 1.
go * 35. 26. 20. 12. s. 4. 3. 1. 1.

20 n * 188, 13q. 109. 64. 43. 22. 14. 7. 4.
10 * 134. 100. 75, 46. 30. 16. 10. 5. 3.
20 * 87. 64. 49o 30. 20. 10. 6. 3. 2.
30 * 63. 47. 36. 22. 14. 7, 5. 2. 1.
Wi * 46. 34, 26. 16, 10. 5. 3e 2. 1.
69 * 36. 27. 20. 12. A. 4. 3. 1. 1.
9O * 3.5. 24. 18. 11. 70 4, 2. 1. 1.

40 0 * 194. 114. 86. 93. 39. 18. 11. 5. 3.
in * 110. 81. e2. 38. 25, 13. 8. 4. 2.
2n * 71. 53. 40. 24, 16. 8, 5. 2. 1.
30 * 92. 38. 29. 18. 12. 6. 4. 2. 1.
49 * 38. 2M. 21. 13. 9. 4. 3. 1. 1.
69 * 30. 22. 17. 10. 7. 4. 2. 1. 1.
9o * 27. 20. 15. 9. 6. 3. 2. 1. 1.

60 n * 104. 77. 598. 39. 4s 12. 8. 4. 2
I0 * 74. 95. 42. 29. 17. 9. 9. 3. 2.
20 * 48. 35. 27. 16. 11. 6. 3. 2. 1.
30 * 35. 26, 19. 12. go 4. 3. 1. 1.
4 • 29. 14. 14. 9. 6. 3. 2. 1. 1.
65 * 20. 15. 11. 7. 9. 2. 1. 1. 0.
90 * 18. 13. 10. 6. 4. 2. 1. 1. 0.

80 0 * 48. 36. 27. 16. 11. 6. 3. 2. 1.
10 * 34. 25. 1g. 12. 8. 4. 2. 1 1.
20 * 22. 16. 12. g. 5. 3. 2. 1. 0.
30 * 16. 12. 90 6e 4. 2, 1. 1, O
49 * 120 9. 7. 4. 3. 1. 1. 0. 0.
65 * 9. 7. 5. 3. 2. 1. 1. 0. 0.
90 * 8. 6. 5. 3. 2. 1. 1. 0. 0.

100 0 * 2. 2. 1. 1. 1, 0O 0. 0. 0.
TO 10 * 2. 1. 1. 1. o. 0. 0 0. 0 0.

180 20 * 1. 1. 1, 0. 0. 0. 0. o. 0.
30 * 1. 1. 0. 0. 0. 0. o. 0. 0.
45 * 1. O. 0. 0. O. 0. 0. O. o.
65 * 0. 0. O 0. 0. O. 0. 0. O.
90 * 0. 0. 0. 0. 0. 0. 0. 0. 0.

030/140
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S S * TOTAL IONOSPHERIC ABSORPTION LOSS (DECIBELS)
0 A I A ;;;.s...;;*,***4**********¢;****.********t**;*

L N G N * AVERAGE SUNSPOT NOMBER (R12) 30.
A G N G * ELECTRON GYRO-FREQUENCY (MHZ) 1.820
R L A L * TOTAL GEOMAGNETIC FIELD (GAUSS) 0.650

E L E ,, *****t*******t*tt*t****t**~;* * ***ttt$****

* SIGNAL FREGUENCY (MHZ)
(DEG) (DEG)* 2.00 3.ON 4.00 6.00 8.00 12.00 16.00 24.00 32.0n

0 0 * 176. 131. 100. 62. 42. 22. 14o. 7. 4o.
10 * 126. 94. 72. 45. 30. 16, 10. 5. 3.
20 * Fi. 61. 46. 29. 19. 10. 6. 3. 2.
30 * 59. 449 34. 21. 14. 8. 5. 2. 1.
45 * 43. 32. 24. 15. 10. 5. 3. 2. 1.
65 * 34o. 25. 1g. 12. 8. 4. 3. 1. 1.
go * 31. 23. 18. 11. 7. 4. 2. 1. 1.

20 0 * 165. 123. q4. 59. 39. 21. 13. 6. 4s.
In * 11. 88. 67. 42. 28. 15. 9. 5. 3.
20 * 76. 57. 43. 27. 18. 10. 6. 3. 2.

45 * 40. 30. 23. 14, 10. 5. 3. 2. 1;

65 * 32. 24. 18. 11. a, 4. 3. 1. 1.q O) * 2 9 . 2 2 o 1 6 . t o o 7 , 4 . 2 s 1 e, I s

40 n * 135. 101. 77. 48. 32. 17. li. 5. 3.
10 * 97. 72. 55. 34. 23. 12. 8. 4. 2.
20 * 62. 47. 36. 22. 15. 8. 5. 2. 1.
30 * 45. 34. 26. 16. 11. 6. 4. 2. 1.
45 * 33. 25. 19. 12. 8. 4. 3. 1. 1.
65 * 26. 19. 15. 9. 6. 3. 2. 1. 1.
9o * 24. 18. 13. B. 6. 3. 2. 1. 1.

I0 0 * 91. 68. 52. 32o 22o 12o 70 4. 2s

i 10 * 65. 4q. 37. 23. 16. 8. 5. 3. 1.
Po * 42. 31. 24s. 15. 10. 5. 3. 2. 1.
30 * 31. 23. 17. 11 7. 4. 2. 1. 1.
45 * 22. 17. 13. g. 5. 3. 2. 1. 1.
65 * 18. 13. 10. 6. 4. 2. 1. 1. 0.
9O * 16. 12. 9. 6. 4. 2. 1 1. 0.

8O 0 * 42. 32. 24e. 15. 10. 5. 3. 2. 1.
10 * 30. 23. 17. It. 7. 49. 2. 1, 1.
20 * 20. 15. 11. 7. 5. 2. 2. 1. 0.
30 * 14. 11 8. So 3. 2. 1. t o 0.
4 4 * 10. 8. 6. 4o. 2. 1. 1. 0. 0.
65 * B. 6. 5. 3. 2. 1. 1. 0. 0.
9o * 7. 6. 4*. 3. 2. 1. 1. 0. 0.

100 0 2. 2. 1. 1. 1. 0. 0. 0. 0.
TO 10 * 2. 1. 1. 1. 0. 0. 0. 0. 0.

Io 20 * 1. 1. 1. 0. 0. 0. 0. 0. 0.
30 * i. I. O. 0. 0. 0. 0. 0. 0.
45 * 1. 0. 0. 0. 0. 0. 0. 0. 0.
65 * 0. 0. 0. 0. 0. 0. 0. 0. 0.
Qf * 0. 0. 0. 0. 0. 0. 0. 0. 0.

030/182
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S * TOTAL IONOSPHERIC ARSORrTION LlSS (DECIRELS)

A I A *.440*4*4444***rt4,.4# * I,***444*s

I N G rN AVERAGE SIJUNSPOT NIJMRER (R12) 60.
A r U 6 * ELECTRON GYRO-FREIJENCY (MHZ) 0.700
P L A L * TOTAL GEOMAGjETIC FI-LD (GAUJSS) 0.250

F L F . s *s.** ** $*44*$*4 444
* SIGIIAL FREQuIENCY (MH7)

MOFG) (DFG)* 2.0l 3.0 L *0 6.00 8.00 12.0n 16.00 24.00 32.00

0 n * 27P. 2n1. 14Q. HM. 97. 2c. 17. 8. 5.

in * 1Q9. 144. 1n7. 63. 41. 21. 12. 6. 3.
20 * 126. 93. 69. 41. 26. 13. A. 4. 2.
30 * Q1, 67. 90. 30. 1q. 10. 6. 3. 2.
49 * 6f. 4q. 36. 2?. 14. 7. 4. 2. 1.
69 * 92. 30. 2q. 17. 11. 6. 3. 2. 1.
QO * 48. 39. 26. 1S. 10. 9. 3. 1. 1.
*4 4$ 4 4 4 44 4 * 4 4 * 44** * 4 4 * * 4 4 * $ 4 * 44*444 4*f 4 * * 4* 4 4 *44 4 * * * * 4 * * 4

20 0 * 256. 1MQ. 140. 83. 94. 27. 16. A. 4.
10 * IR3. 135. 101). 59. 38. 19. 12. 5. 3.
20 * 18. 87. 65. 38. 25. 13. 7. 4. 2.
30 * 86. 63. 47. 28. 18. 9. l. 3. 1.
4L * 62. 46. 34. 20. 13. 7. 4. 2. 1.
65 * 4q. 3h. 27. 16. 10. 5. 3o 1. 1.
90 * 45. 33. 25. 19. Q. 5. 3. lo I.

40 0 * 2ng. 154. 115. 6P. 44, 22. 13. 6. 4.
in * 190. 110. 82. 49. 31. 16. 9. 4. 3.
20 * 97. 71. 53. 31. 20. 10. 6. 3. 2.
30 * 70. 92. 39. 23. 15. 7. 4. 2. 1.
4i * 91. 38. 2H. 17. 11. 5. 3. 2. 1.
65 * 40. 30. 22. 13. 8. 4. 3. 1. 1.
g0 4 37. 27. 20. 12. S. 4. 2. 1. 1.

*44 # 6*4 $4 4 *4 444444f4#**4*4*4** * 44* *4$4.4 4 * t i444*4 #**o0444 #$444
60 0 * 141. 1n4. 79. 46. 30. 19. 9. 4. 2.

I0 * I01. 79. 99. 33. 21. 11. 6. 3. 2.
20 * 69. 48. 36. 21. 14. 7. 4. 2. 1.
30 * 47. 35. 26. 19. 10. 5. 3. 1. 1.
49 * 34. 25. 10. I1. 7o 4. 2. 1. 1.
65 * 27. 20. 15. Q. 6. 3. 2. 1. 0.
9n * 25. 18. 14. s. 5. 3. 2. 1. 0.

80 0 * 6(l. 48. 36. 21. 14. 7. 4. 2. 1.
10 * 17. 35. 26. 15. 10. 9. 3. 1. 1.
20 4 30. 22. 17. 10. . . 2. 1. 1.
30 * 22o 16. 12. 7. 9. 2. 1e le 0.

*9 4 16. 12. 9. 5. 3. 2. 1. 0. 0.
69 * 13. 9. 7. 4. 3. 1. 1. O 0.
a0 * 11. 8. 6. 4. 2. 1. 1. 0. 0.

Ion 0 * 3. 2. 2. 1. 1. O. 0. o. 0.
TO 10 * 2. 2. is 1. 0. 0. 0. 0. 0.

t8O 20 * 1. 1. 1. 0. 0 O. O. 0. 0.
30 * 1* 1. 1. 0. 0O 0. 0. 0. 0.
45 * 1. lo O, O. DO O. 0, Oo DO

65 * 1. 0. O. 0. 0. o. 0. 0. 0. -.

go * 1. 0. 0. 0. O. O. 0. o 0.

060/070
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S S * TOTAL IONOSPHERIC ABSORPTION LOS' (DECIBELS)

0 A I A*44 ** *4*444 **4*-. ,44' 44*
L U4 G t4 * AVERAGE SUNSPOT NUMBER (R12) 60.
A G N G * ELECTRON GYRO-FREO'JEriCY (MHZ) 1.120
R L A L * TOTAL GEOMAGNETIC FIELD (GAUSS) 0.400I F~~~~ L F 44*444*444*4*44444'444'444

* SIGNAL FREQUENCY (MHZ)
(DEG) (nEG)* 2.00 3.00 4.0n 6.00 8.00 12.00 16.00 24.00 32.00

0 0 * 240. 177. 133. 80. 53. 27. 16. 8. 5.
10 * 171. 127. 95. 57. 38. 19. ?1. 6. 3.
20 * 111. 82. 61. 37. 24. 13. fi. 4. 2.

30 * 80. 59. 45. 27. 18. 9. 6. 3. 2.
45 * 58. 43. 32. 20. 13. 7. 4. 2. 1.
65 * 46. 34. 26. 15. 10. 5. 3. 2. 1.
q9 * 42. 31. 23. 14. 9. 5. 3. 1. 1.

20 n * 225. 166. 125. 75. 4Q. 26. 15. 7. 4.
10 * 161. 11Q. 89. 54. 35. 18. 11. 5. 3.
20 * 104. 77. 58. 35. 23. 1p. 7. 3. 2.
.30 * 75. 56. 42. 25. 17. 9. 5. 2. 1.
45 * 55. 41. 30. 18. 12. 6. 4. 2. 1.
65 * 43. 32. 24. 15. 10. 5. 3. 1. 1.
90 * 39. 2Q. 22. 13. 9. 4. 3. 1. 1.

40 0 * 184. 136. 102. 62. 40. 21. 13. 6. 4.

10 * 132. 97, 73. 414. 29. 15. 9. 4. 3.
20 * 85. 63. 47. 28. 19. 10. 6. 3. 2.
30 * 62. 46. 34. 21. 14. 7. 4. 2. 1.
49 * 45. 33. 25. 15. 10. 5. 3. 1. 1.
65 * 35. 26. 20. 12. H. 4. 2. 1, 1.
q9 * 32. 24. 18. 11. 7. 4. 2. 1. 1.

60 0 * 124. 92. 69. 42. 27. 14. q. 4. 2.
10 * 89. 66. 4 . 30. 20. 10. 6. 3. 2.
20 * 57. 42. 32. 19. 13. 7. 4. 2. 1.
30 * 42. 31. 23. 14. q. 5. 3. 1. 1.
45 * 30. 22. 17. 10. 7. 3. 2. 1. 1.
65 * 24. 18. 13. 8. 5. 3. 2, 1, 0.
q9 * 22. 16. 12. 7. 5. 2. 1. 1. 0.

180 0 * 58. 43. 32. 19. 13. 7. 4. 2. 1.
10 * 41. 30o 23. 14. 9. 5. 3. 1. 1.
20 * 27. 20. 15, 9. 6. 3. 2. 1. 1.
3n * 19. 14. 11. 6. 4. 2. 1. 1. 0.
49 * 14. 10. 8. 5. 3. 2. 1 0. 0.
65 * it. 8. 6. 4. 2. 1. 1. 0. 0.
Q0 * 10. 7. 6, 3. 2, 1. 1. 0. 0.

100 0 * 3. 2. 2. 1. 1. 0. 0. 0. 0.
TO 10 * 2. 2. 1. 1. 0. 0. 09 0. 0.
(80 20 * I. 1. 1. . 0. 0. 0. 0. 0.

30 * 1. 1. 1. 0. 0O 0. O. 0. 0.
45 * 1. 1. 0. n. 0. 0. 0. 0. 0.

65 * 1. 0. 0. 0o 0. 0. 0. 0. 0.
90 * 1. 0. 0. o. 0. 0. 0. 0. 0.

1060/112
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C; TOTAL IOtNOSPHERIC AISORPTION LOSS (DECIRELS)

0 A I A *44**44*444*444*4**4,44**4*
L N G F * AVERAGE SUtNtSPOT HUMBER R12) 60o
A G tU G * ELECTRON} GYRO-FREQUFNCY (MHZ) 1.400
P L A L * TOTAL GEOMAGNETIC FIELD (GAUgS) 0.500

F L E +** **** **444* **4.*, 4*4*4444444
* SIGNAL FREQUENCY (MHZ)

(DEG) (DEG)* 2.00 3.00 4.00 6.00 8.00 12.00 16.N 24.0n 32.0n

0 n * 220. 163. 123. 79. ti. 26. 16. 8. 4.
10 * 1577.37. 24. 4. 36, 1. 11. 5. 3.
20 * 102. 75 27. 35. 23. 12. 3. 4. 2.
30 * 74. 5. 41. 25. 17. 24. 5. 3. 2.
40 * 54. 10. 3n. 1H. 12. 6. . 2. 3.
65 * 42. 31. 23. 33. 10. 11. 7. 1. 2.
30 * 3. 21. 29. 53. . 5. 3. 2. 1.

20 0 * 207. 153. 116. 71. 47. 25. 15. 7. 4.
10 * 14R. 110. 23. 51. 39. V9. 11. 5. 3.
20 * 36. 71. 53. 33. 22. 11. 7. 3. 2.
30 * 69. 1. 39. 2. 16. . 5. 6. 1.
25 * 50. 37. 28. 17. 18. 6. 6. 2. 1.
65 * 40. 29. 22. 19. 1. 5. 3. 1 1.
g9 * 36. 27. 20. 14. R. 4s 3. 1. 1.

69 14 * 3 24. #18 4i 7. 4. 2. 41

4n 0 * 16. 122. q5. 5. 38. 20, 12. 6. 3.
6 0 * 121. 8O. 68, 39. 27. 14. 9. 4. 2.
20 * 78. 5R. 46. 27. I9. q. 6. 3. 2.
30 * 57. 32. 329 18. 13. 7. 4. 2. 1.
40 * 31. 31. 23. 14. 9. 9. 3. 1. 1.
65 * 33. 21. 16. 11. 7. 3. 2. 1. 1.
90 * 30. 22. 17. 10. 7, 2. . 1. 0.

* t ****** f* 4 * *** f * 4 *44 * * * 4 4 * 4t.4 4*t4* * * * * 4 * #4 4 * ** #44**

60 0 * 114. 39. 6. 3. 26. 64. 8. 4. 2.
10 * 82. 61. 21. 2. 19. 10. 6 3. 2.
20 * 53. 39. 2. 18. 12. 6. 2. 2. 1.
30 * 38. 28. 21. 13 4. 2. 3, 1. 1.
45 * 2. 21. 16. 10. 6. 2. 2. 1. 0.
65 * 22. 16. 12. 3. 2. 3. 2. 0. 0.
Q0 * 20. 15. 11. . 5. 2. 1. 1. 0.

An n * 539 39s 30. I, 12. 6. 4. 2. 1.
10 * 3R. 2R. 21. 13s 1. 5. 3. 1 1.
2 0* 24. 1. 14. A. 60 3. 2. 1. 0.
30 * 18. 13. 10, 6. 0. 0. 1. 1. 0.
45 * 13, 10. 7, 4o 3. 2, 1. O' 0.

S65 * 10. so 60 3. 2. 1. is 0. 00

30 * 9. 7 5. 3. 2. 0. 1. 0. 00

100 0 * 3o 2. 1. to 1. 0., as a, 0'
iTO in * 20 is 1. 1. C. O0 0. 0, 0.

IS 1O 20 * 1. 1. 1. O1 Oe 0. 0, 00 0.

4 9* 1. 0. 0. 0. 0. 0. 0. 0. 0.
65 * 1. 0. 0. 0' 0. 0. 0. 0. 0.
90 * 0. 0. 0. 0. 0. 0. 0. 0. 0.

060/140
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S S * TOTAL IONOSPHERIC ABSORPTION LOSS (DECIBELS)
0 A I A 4 4*4 4 444 *f * * ** *4 **4** # t * 4 4** * ***

L N G N * AVERAGE SUNSPOT NUMBER (R12) 60.
A G N G * ELECTRON GYRO-FREQUEJCY (MHZI 1.820
R L A L * TOTAL GEOMAGNETIC FIELD (GAUSS) 0.650

* SIGNJAL FREQUF.CY (MHZ)

(DEG) (DEG)* 2.00 3.00 4.00 6.00 8o00 12.00 16,00 24.00 32.0n

n 0 * 194. 1414. 110. 6Q. 46. 25. 15. 7. 4.
10 * 139. 103. 79. 49. 3.3. 18. 1i. 5. 3.
20 * 8g. 67. St. 32. 21. 1i. 7. 3. 2.
30 * 65. 48, 37. 23. 15. 8. 5. 2. 1.
45 * 47. 39. 27. 17o it. 6. 4. 2. to
65 * 37. 28. 21. 13. g. 5. 3. 1. 1.
g * 34. 25. 19. 12. S. 4. 3. 1. 1.

20 0 * 182. 136. 103. 64. 43. 23. 14. 7. 4.

10 * 130. 97. 74, 46. 31. 17. 10. 5, 3.
20 * 84. 63. 48. 3n. 20. Ilt 7. 3. 2.
30 * 61. 45. 39. 22. 15. 8. 5. 2. 1.
45 * 44. 33. 25. 16. li, 6. 3. 2. 1.

65 * 35. 26. 20. 12. 8. 4. 3. 1. 1.
I901 * 32. 24. 18. 11, 8. 4. 3. 1. 1.

1 * 4 # 4,** * 44 '#4444# 44ff 4 ##4.444#44 *t.* f4 44 * * 4 4 4 1 #4f 4 4 !t+-#* 4a 4 f4, '

40 0 * 14q. 111, 9. 53. 3. 14. 12. 6. 3.
10 * 106. 7q. 61. 38. 25. 14. 8. 4. 2.

20 * 69. 51. 3q. 24. 16. 9. 5. 3. 2.
30 * 90. 37. 28. 18. 12. 6. 4. 2, 1
49 * 36. 27. 21. 13. o 9. 3. 1. 1.
65 * 2Q. 21, 16. 10. 7. 4. 2. 1. 1.
go * 26. IQ. 15. 9. 6. 3. 2. 1. 1.

k f* f # 4 f 4 4 f I 4 f * 4 41 4 # +t4 4 t 444 4 t. 44 t # .4 * 4 4 4 4 4 k + 44 k #4 #7 41 * i 1 4 4

60 0 * tonl. 75. S7. 36. 24. 13. Be 4. 2.
3 10 * 72. 54. 41. 29. 17. 9. 6. 3. 2.
3 20 * 46. 35. 26. 16. li. 6. 4. 2. 1.

30 * 34. 25. 19. 12. 8. 4. 3. 1. 1.
45 * ?5. 18. 14. 9. 6. 3. 2. 1. t.
65 * 19. 14. It. 7. 5. 2. 2. 1. 0.
go * 18. 13. 10. 6. 4. 2. 1. 1. 0.

S0 0 * 47. 35. 26. 16. 11. 6. 4. 2. 1.
10 * 31. 25. 19. 12. 8. 4. 3o 1o 1.
20 * 21. 16. 12. 8. l. 3. 2. 1. 0.
30 * 16. 12. 9. 6. 4. 2. 1. 1. 0.
4 45 * 11. A. 6. 4, 3. 1. 1. . O .
65 * g. 7. 5. 3. 2. 1. 1. O. 0.
90 * 8. h. 5. 3. 2. 1. 1. 0. 0.

n10 0* 2. 2. 1. 1. 1. 0. 0. 0. .
TO I0 * 2. 1. is 1. 0. 0. 0. 0. 0.

180 20* 1. 1. 1. o. 0. 0. 0. 0. o.
30* 1. 1. 0. 0. 0. o. 0. 0. o
45 * 1. 0. 0. 01 n. O. 0. 0. 0.
65 * 0. 0. n. 0. O. 0. nO 0. 0.
90* 0. 0. n. 0. 0. 0. 0. 0. 0.
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S S * TOTAL IONOPHERIC ABSORPTION LOrS (DECIBELS)
0 A I A 4*44$$$*#**$

#
*

#
* * ** *** **r**#*# $***t**4

f
4

L t4 G t I AVERAGE SnIISPOT t4lMBEP (R12) 90.
A G N G ELECTRON GYRO-FREQUENCY (MHZ) 0.700
R L A L *_ TOTAL GEOMAGNETIC FIELD (GAUSS) 0.25)

* SIGNAL FREOLJENCY (MHZ)

(MFG) (DFG)* 2.00 3.00 4.00 6.0n 8.01) 12.00 16.00 24.00 32.)!'
,4 $4*4 444444 4 4f******44fyt t* 414 #4* I ** ** *** f4t 4*4* +4 I

0 0 * 297. 21Q. 163. 96. 62. 32. 19. 9o 5.
10 * 213. 157. 117. 69. 45. 23. 13. 6. 140
20 * 137. 101. 79. 45. 2q. 15. 9. 4. ?.
3n * 100. 73. 55. 32. 21. 1i. 6. 3. 2.
45 * 72. 53. 40. 24. 19. 8. 5. 2. to
65 * 57. 42. 31. 19. 12. 6. 4. 2. 1.
90 * 52. 38. 29. 17. 11. 6. 3. 2. 1.

f444 + 44444$ 4f 4 * f**4 4* * * 4***.$t *****t** t ****** * 4 ****ff4 t fi f4 4 4 4 4
20 0 * 279. 2n6. 153o 9l* 519. 30. Is. 8. 46

10 * 200. 147. 110. 65. 42. 21. 13. 6. 3

20 * 129. 95. 71. 42. 27. 14. 8. 4. 20
30 * Q4. 69. 51. 30. 20. 10. 6. 3. 2
4i5 * 69. 5n. 37o 2P. 14. 7. 4. 2* to

65 * 54. 4). 29. 17. 11. 6. 3* 2. 1*
65 * 49. 36. 27. 1. 10. 5. 3. 1. 1.

40 0 * 220. 9. 125. 7. 8. 24. 13. 7. 4*
6 0 * 163. 120. 85. 53. 32. 17. 10. 5. 3.
20 * 105. 78. 58. 36. 22. 12. 7. 3. 2.
30 * 77. 56. 32. 25. 16. 8. 5. 2. 1.
35 * 56. 31. 31. 17. 12. 6. 3. 2. 1.
65 * 38. 32. 21. 12. Q. 5. 3. 1. 1.
65 * 40. 22. 2. 13. 6. 3. 3. 1. 1.

60 0 * 154. 114. s5. 50. 32. 16. 10. 5. 3.

in * 110. 2. 61. 36. 23. 12. 7. 3. 2.
20 * 71. 52. 39. 23. 15. 8. 5. 2. 1.
30 * 52. 38. 28. 17. 11. 5. 3. 2. 1.
25 * 33. 24. 21. 12. 8. 3. 2. 1. I.
65 * 30. 22. 16. 10. 6. 3. 2. 1. 1.
45 * 27. 20. 15. 6. 6. 3. 2. 1. 0.

R 6 * 71. 3. 39. 23. 15. 1. 5. 2. 0.
0 * 51. 3. 28. 17. 11. 1. 3. 2. 0.

20 * 4 2 18. 11. 7, 3. 2. 1. 0.
30 * 2. 18. 1. 1 5. 3o 0. 10. 0.
1 5 * 17. 13. 10. 6. 0. 2. 1. 1. 0.
65 * 14. 10. 8. 0. 3. 0. 1. 0. 0.
9 * 13. 9. 7. 0. 3. 0. I. 0. 0.

100 0 * 4. 3. 2. 1. I. 0. O. 0. 0.
TO 10 * 3o 2. 1* I. to 0. 0. 0. 0,

180 20 * 2. 1. 0. 0. 0. 0. 0. 0. 0.
30 * 1. 1. 1. 0. 0. 0. 0. 0. 0.
49 * I* I*. a 0. 0. 0. 0. 00 0. O.
65 * is 1. 0. 0. as 0, 06 00 00

90 * i.s O 0. 0 . 0. no n , 0 00. 0.

090/070
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S S * TOTAL IONOSPHERIC ABORPTION LOSS (DECIRWLS)

L N G N * AVERAGE SUNSPOT NIUMBER (R12) 90.
A G N G * ELECTRON GYRO-FREQUENCY (MHE) 1.120
R L A L * TOTAL GEOMAGNETIC FIELD (GAUSS) 0400

E L F
* SIGNAL FREQUENCY (MHZ)

(DEG) (DEG)* 2.00 3.00 4.01) 6.00 8.00 12.00 16.00 24.00 32.00

0 0 * 261. 193. 145. 87. 97. 30. 18. q, 5.
10 * 187. 138. 104. 63. 41. 21. 13. 6. 4.
20 * 121. 8q. t7. 40. 26. 14. 8. 4. 2.
30 * 8H 65, 49. 29. 19. 10. 6. 3, 2.
49 * 64. 47. 35. 21. 14. 7. 4. 2. 1.
65 * 50. 37. 28. 17. 11. 6. 3. 2. 1*
90 * 46. 34. 29. 15. 10. 5. 3. 1. 1.

20 0 * 246. I1. 136. 82. 54. 28. 17. 8. 5.
10 * 176. 130. 97. 99. 39. 20. 12. 6. 3.
20 * 113. 84. 63. 38. 25. 13. 8. 4. 2.30 * 82. 61. 46. 28. 18. 9. 6. 3o 2.
45 * 60. 44. 33. 20. 13. 7. 4v. 2. 1.

65 * 47. 35. 26. 16. 10. 5. 3. 2. 1.
9O * 43. 32. 24. 14. 9. 5. 3. 1. 1.

40 0 * 201. 148. 111. 67. 44. 23. 1l4 7o 4e
10 * 14". 106. 80. 48. 32. 16. 10. 5. 3.
20 * 93. 68. 51. 31. 20. 1. 6. 3. 2.
30 * 67. 50. 37. 23. 15, 8. 50 2. 1.
49 * 4,. 36. 27. 16. 11. 6. 3. 2. 1.
65 * 39. 29. 21o 13. 8. 4. 3. 1. 1.
0 * 35. 26. 20. 12o 8. 4. 2. 1. 1.

60 0 * 136. 100. 75. 45. 30. 15. 9. 4. 3.
10 * 97. 72. 54. 32. 21. 11. 7. 3. 2.
20 * 63. 46. 35. 21. 14. 7. 4*. 2. 1.
30 * 45. 34. 25. 19. 10. 5. 3. 1. 1.
45 * 33. 21. 18. 11. 7. 4,. 2. 1. 1.
65 * 26. 19. 14. 9. 6. 3. 2. 1. 0.
90 * 24. 18. 13. 8. 5. 3. 2. 1. 0.

80 0 * 63. 46. 35. 21. 14o. 7. 4. 2. 1.
10 * 49. 33. 25. 15. 10. 5. 3. 1. 1.
20 * 29. 21. 16. 10. 6. 3. 2. 1. 130 * 21. 16. 12. 7, 5, 2. 1. 1. 0.
I &5 3 15. 11. 91 5. 3 1 . 1. 1 0.
69 * 12: q. 7. 4. 3. 1. 1. 1. 0.
9O * 11. 2. 6. 4 . 2o 1. 1. 0. 0.

100 0 * 3. 2o 2. 1. 1. 0. 0. 0. n.
TO in * P. 2. 1. 1. 0. 0. 0. 0. 0.
180 20 * 1. 1. 1. 0. O. 0. 0. 0. 0.

30 * 1. 1. 1. 0. 0. 0. 0. 0. 0.
45 * 1. 1. 0. 0o 0. 0. 0. 0. 0.
69* I. 0. 0. 0. 0. 0. 0. 0. n
90 * 1. 0. 0. 0. nO 0. 0. O. 0.

I 090/IIZ
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S * TOTAL IONOSPHERIC ARSORPTION 1OS5 (DECIHELS)
0 A I A*4s,4*i*~$***ss,4*.**,* ****
t N G 14 * AVERAGE SU4SPOT NUMBER (R12) 90.
A G N G * ELECTROfj GYRO-FREIJEN4CY (MHZ) 1.400
P L A L * TOTAL GEOMAGtIETIC FIELD (GAUSS) 0.900

E L E ,*** ***, 4*44**44*s$444*44,.4i 4*.I,-*t*l 4,44**
S SIGNAL FREOIiFUCY (MHZ)

MFG) (DEG)* 2.00 3.00 4.on 6.0f0 8.00 12.00 16.00 24.00 32.00

0 0 * 240. 178s 134. 29. 54. 29. 17. A. 5.
10 * 172. 127. 96. 99. 39. 20. 12. 6. 4.
20 * 111. R2. 62. 38. 25. 13. 8. 4. 2.
30 * 80. 60. 45. 28. 18. 10. 6. 3. 2.
45 * 99. 43. 3Y. 20. 13. 7. 4. 2. 1.
65 * 46. 34. 26. 16. 10. 9. 3. 2. 1.
40 * 42. 31. 24. 14. 10. 5, 3. 1. 1.

20 0 * 225. 167. 126. 77. 51. 27. 14. 8. 5.
10 * 161. 120. 90. 55. 37. 19. 12. 6. 3a
20 * 104. 77. 58. 36. 24. 12. 8. 4. 2.
30 * 76. 56. 42e 26. 17o 9. 5. 3. 2.
45 * 95. 41. 31. 19. 12. 7. 4. 2. 1.
65 * 43. 32. 24. 15. 10. 5. 3. 2. 1.
9O * 399 29. 22. 14. 9, 5. 3. 1. 1.

40 0 * 184. 137. 103. 63. 42. 22. 13. 6. 4.
10 * 132. 98. 74. 45. 30. 16. 10. 5. 3.
20 * 85s 63. 48. 29. 19. 10. 6. 3. 2.
30 * 62. 46, 35. 21. 14. 7. 4o 2. 1.
45 * 45. 33. 25. 15. 1f). 5. 3. 2. 1.
69 * 36. 26. 20. 12. 8. 4. 3e 1. 1.
go * 32. 24. 18. 11. 7. 4. 2. 1. 1.

60 0 * 125. Q2. 70. 43. 2A. 15. 9. 4. 3.
10 * A9. 66. 90. 30. 20, 11. 6. 3. 2.
20 * 57. 43. 32. 20. 13. 7. 4, 2. 1.
30 * 42. 31. 23. 14. 9. 5. 3. 1. 1.
45 * 30. 23. 17. 10. 7. 4. 2. 1. 1.
65 * 24. 18. 13. 8. 5. 3. 2, 1. 0.
90 * 22. 16. 12. 7, 5. 3o 2, 1. 0.

so 0 * 58. 43. 32. 20. 13. 7. 4. 2. 1.
10 * 41o 31. 23. 14. 9. 5. 3. 1. 1.
20 * 27. 20. 15. g. 6. 3. 2e 1. 1.
30 * 19. 14. 11. 7. 4. 2. 1. 1. 0.
45 * 14. 10. 8. 5. 3. 2. 1. 0. 0.
65 * 11. 8. 6. 4. 3. 1. 1. 0. 0.
90 * 10. 7. 6. 3. 2. 1. 1. 0. 0.

100 0 * 3. 2. 2. 1. 1. 0. 0. 0. 0.
TO 10 * 2. 2. 1. 1. 0. 0. 0. 0. 0.

180 20 * 1. 1. 1, 0. O 01 0. 0. 0.
30 * 1. 1. .1. 0. 0. 0. 0. 0. 0.
45 * t. 1. no 0. 0. 0. 0. 0. 0.
65 * 1. 0. O. 0. 0. 0. 0. 0. 0.
gj * 1. 0. O. 0. 0. 0. 0. 0. 0.

090/140
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S S * TOTAL IONOSPHERIC ABSORPTION LOSS (DECIBELS)
0 A I A ****************************
L N G N * AVERAGE SUNSPOT NIJMBFR (R12) 90.

A G N G * ELECTRON GYRO-FREQUENCY (MHZ) 1.820
Q L A L * TOTAL GEOMAGNETIC FIELD (GAUSS) 0.650

E L E $ *4**#**t,$,4,*4*** $ * 4,s4,s*$,,,**44,4,
* SIGNAL FREQUENCY (MHZ)

(MEG) (DEG)* 2.On 3.00 4.00 6.00 8.00 12.00 16.00 24.on 32.00

0 0 * 211. 158. 120, 75. 50. 27. 17. 8. 5.
10 * 151. 113. 96. 54. 36. 19. 12. 6. 3.
20 * 97. 73. 5N. 35. 23. 12. 8. 4, 2.
30 * 71. 53. 40. 25. 17. 9. 6. 3. 2.
45 * 52. 38. 29. 18. 12, 7, 4. 2. 1.
65 * 41. 30. 23. 14. 10. 5. 3. 2. 1.
90 * 37. 28. 21. 13. 9. 5. 3. 1. 1.

** 44 f 4 # 4 4j f 4, 4 C 4 k t~ # * 4, * * * * * * * 4 *, 4 4 * 4 4 * * *, * 4 $ *, * 6, 4 $ 4* k4 4 # 4 4 *4, 4 4 *,*

20 0 * 198. 148: 113: 70. 47, 29. 16: 8: 4,
10 * 142. 106o His so, 34. ISO lie 5o 3o
20 * 92. 68. 52. 32. 2?. 12. 7. 4. 2.
30 * 67. 50. 38. 24*. 16. 8. 5. 3, 2.
45 * 48. 36. 28, 17. 12. 6. 4. 2e 1.
65 * 38. 29. 22. 14. 9. 9. 3. 1. 1.
gO * 35. 26, 20. 12. 8. 4. 3. 1. 1,

40 0 * 162. 121. 92. 58. 39. 21. 13. 6. 4.
10 * 116. 87. 66. 41. 28. 19, 9. 4. 3.
20 * 75. 96. 43. 27. 18. 10. 6. 3. 2.
30 * 54. 41. 31. 19. 13. 7. 4. 2. 1.
49 * 40. 30. 23. 14. 9. 5. 3. 2. 1.
69 * 31. 23. 18. 1i. 7. 4. 2. 1. 1.
go * 28. 21. 16. In. 7. 4. 2, 1. 1.

60 0 * 110. A2, 62. 39. P6. 14. g. 4. 2.
10 * 78. 59. 45. 28. 19. 10. 6. 3, 2.
20 * 51. 38. 2Q. 18. 12. 6, 49 2. 1.
30 * 37. 27. 21. 13. g. 5. 3. 1, 19
45 * 27. 2n. 15. 99 6. 3, 2o 1. 1.
65 * 21. 160 12. 7, 5, 3, 2, to 0.

go * 19. 14. it. 7. 5 2. 2. 1. 0.

A0 n * 51. 38. 29. 18. 12. t, 4. 2. 1.
10 * 36, 27. 21. 13, 90 5. 3. 1* 1*
20 * 23. 17. 13. no 6. 3. 2. 1* 1.
30 * 17. 13. 10, 6. 4. 2, 1. 1. 0.
45 * 9;> 9. 7. 4. 3. 2. 1. 0. 0.
69 * 10. 7. 6. 3. 2. 1. 1, 0. 0.
90 * 9. 7. 5. 3. 2. 1. 1. 0. 0.

100 0 * 3. 2. 1. 1. 1. 0. 0. 0. 0O
TO 10 * . 1. 1. 1 0. 0, 0, 0. 0.
180 20 * 1. 1. 1. 0O 0o 0o 0. 0. 0.

30 1. i. 0. o. 0. 0, 0. 0. 0.
I 49 * 1. 0. o 0. 0. 0. 0. 0. 0.

65 * 0. O. 0. 0. 0. 0. 0. 0. 0.
g9 * 0 . 0. 0. 0. 0. 0, 0. 0. 0.

090/182
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S S * TOTAL IONOSPHERIC ABSORPTION LOSS (DECIRELS)
0 A I A # 44444*444* * *44** 4141*#444' 4 41 4414* #* ** * .**

L N G N * AVERAGF SUNSPOT ?NUMHER (R12) 120.
A G I G * ELECTROtl GYRO-FRE0UE NCY (MHZ) O.70fl
R L A L * TOTAL GEOMAGt.ETIC FIFLD (GAUSS) 0240

F L F t4444444 4##44 44f444 t4*4 4 4*-44t

SSIcGIAL FRE(4Ft.CY (MH?)
(DEG) (DEG)* 2.on 3.0) 4.nn 6,o 8.fno 12.00 16,nn 24.on 32.0n

0 0 * 322. 237. 177. 105. 68. 34. 20. 10. f.
10 * 230. 170. 126. 75. 48. P4. 15. 7. u.

20 * 149. Ilg. 81. 48, 31. 16. Q. 4. 3.
30 * 108. Mo. 99. 35, 23. 11. 7. 3. 2.
45 * 79. &8. 43. 26. 16. 8. 5. 2. 1.
65 * 62. 46. 34. 20. 13. 7, 4. 2. 1.
90 * 56. 42. 31. IH. 12. 6. 4. 2. 1.

20 0 * 302. 223. 166. qR, 63. 32. 19. 9. 5.
10 * 216. 15q. 119. 70. 45. 23. 14. 6, 4.
20 * 140. I3. 77. 49. 2Q. 15. 9. 4. 2.
30 * 101. 75. 96. 33. 21. 11. 6. 3. 2.
49 * 74. 54. 40. 24. 15. A. 5. 2. 1.
65 * 58. 43. 32. IQ. 12, 6. 4, 2. 1.
90 * 53. 39. 29. 17. 11. 6, 3. 2. I*

40 0 * 247. 182. 136. So. 52. 26. 16 . 7. 4.
10 * 177. 130. 97. 57. 37. 19. 11. . 3.
20 * 114. 84. 63. 37. 24. 12. 7. 3. 2.
30 * 83. 61. 49. 27. 17. Q. 5. 2. 1.

45 * hO. 4U. 33. 0. 13. 6. 4. 2. 1.
69 * 4A. 3b. 26. 15. 10. . 3. 1. 1.
9O * 43. 32. 24. 14. g. 9. 1. 1. 1.

*4 * 4 4 4 + f. f4 4 4 + * * & * 44$A * 4t4 4-4 * ** *.* 4 4 #.4 * ** * 4*4 * 4 44 **.

60 0 * 167. 123. 92. 94. 35. 18. 11. 9. 3.
10 * 120. M., 66. -,9. 29. 13. 8. 4. 2.

20 * 77. 57. 42. 25. 16. 8. 9, 2. 1.
30 * 6 41. 31. 18. 12, 6. 4. 2. 1.
49 * 41. 3f. 22. 13. 9. 4. 3. 1. 1.
65 * 32. 24. 18. 10. 7. 3, 2. 1 I,
90 * 29. 2P 16. 10. 6. 3. 2. 1. 1.

80 0 * 77. 57o 42. 25. 16. 8. S. 2, 1.
10 * 911. 41 30. 18. 12. 6. 4. 2. 1,
20 * 36. 26. 20. 12. 7, 4. 2. 1. 1.
30 * 26. 19. 14. 8. 5. 3. 2. 1. 0.
49 * 1Q. 14. 10. 6. 4, 2. . 1. 00

69 * 19. 11. 8. 9. 3, 2. 1. 0. 0.
90 * 14. 10. 7. 4. 3. 1. i. 0. 0.

10 0 * 4. 3. 2. 1. 1. 0. 0. 0. 0.
TO 10 * 3. 2. 2. 1. 1. 0. 0. 0. 0.

Io 20 * 2. 1. 1. 1. 0. O. 0. 0. 0.
30 * 1. 1, 1. 0. 0. 0. . 0. 0.
45 * 1. 1. 1. 0. 0. 0. 0. 0. 0,
65 * 1. 1 0. 0. 0. 0. 0. 0. 0.
90 * 1. 0. 0. 0. 0. 0. 0. 0 . 0

120/070
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I
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S S * TOTAL IONOSPHERIC ABSORPTION LOSS (DECIBELS)
C A I A
L N G N * AVERAGE SUNSPOT NJMBER (R12) 120.
A G N G * ELECTRON GYRO-FREQIJENCY (MHZ) 1.120
R L A L * TOTAL GEOMAGNETIC FIELD (GAUSS) 0.400

* SIGNAL FREGUENCY (MHZ)

(DEG) (DEG)* 2,00 3.00 4.00 6.00 8,00 12.00 16.00 24,00 32,00

0 0 * 283. 209. 197. 95. 62. 32. 19. 9. 5.
10 * 203. 150. 112. 68. 45. 23. 14. 7. 4o.
20 * 131. 96. 72. 44. 29. 15. 9. 4. 2.
30 * 95. 70. 53. 32, 21. 11. 7. 3. 2.
49 * 6q. 51. 38. 23. 15. 8. 5o 2. 1
65 * 51). 40. 30. 18. 12, 6. 4, 2. 1.
9O * 5n. 37. 27. 17. 11. 6. 3. 2. 1.

20 0 * 266. 196. 147. 8q. 58. 30. 18. 9. 5.
in * 1QO. 141. 106. 64. 42. 22. 13. 6. 4.
20 * 123. ql. 68. 41. 27. 14. 8. 4. 2.
30 * 8q. 66. 49. 30. 20, 10. 6. 3. 2a
45 * 65. 48. 36. 22. 14, 7. 4. 2. 1.
65 * 51, 38. 28. 17. 11. 6. 4. 2. is
90 * 47. 34. 26. 16. 10. 5, 3. 2. 1.

4r 0 * 218. 161. 121. 73. 48. 25. 15, 7. 4.
10 * 156. 115. 86. 52. 34. 18. 11, 5, 3.
P0 * 10l. 74. 56. 34. 22. 11. 7. 3. 2.
30 * 73. 54. 40. 24. 16. 8, 5. 2. 1.
49 * 53, 39. 29. 1A. 12. 6. 4. 2. 1.
65 * 42. 31. 23. 14. 9. 5. 3. 1. 1.
q * 38. 28. 21. 13. 8. 4. 3o 16 1.

60 0 * 147. 109. 81. 4Q. 32. 17, 10. 5. 3.
10 * 109. 78. 58. 35. 23. 12. 7. 3. 2.
20 * 68. 50. 38. 23. 15. 8. 5e 2. 1.
30 * 49. 36. 27. 16. 11. 6. 3. 2. 1.
49 * 36. 2i , 20. 12. g. 4. 2o 1. 1.

65 * 28. 219 16. 9. 6. 3. 2. 1. 0.
CqO * 26. 19. 14. go 6, 3, 2, is 0,

80 0 * 68. 50. 38. 23. 15. 8. 5. 2. 1.
10 * 49o 36. 27. 16. it. 6. 3. 2. 1.
20 * 31. 23, 17. 11. 7. 4, 2. 1. 1.
30 * 23. 17. 13. 8. 5. 3. 2. 1. 0.
45 * 17. 12. 9. 6. 4. 2. 1. 1. 0.
65 * 13. 10. 7. 4. 3. 1. 1. 0. 0.
go * 12. 9. 7. 4. 3. 1. 1. 0. 0.

100 0 * 3, 2. 2. 1. 1. 0O 0. 0. 0.
TO 10 * 2, 2. is 1. 1. 0. 0. 0. 0.
180 20 * 2. is i 1. 0O 0. 0, 0. 0.

30 * 1. 1. 1. 0. 0. 0. 0. 0. 0.
4 * 1. 1. 0. 0. 0. 0. 0. 0. 0.
6i * 1. 0. 0. 0. O. O. 0. 0o 0.
90 * 1. 0. o o. no n. 0. 0. 0o

120/112
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S S * TOTAL TONJOSPHERIC ABSORPTION LOSS (DECIBELS)
0 A I A ,4.* *4 4 * 0. #It4*4*$ * * 4*** * *******# 4** ***ff * **

L II G u • AVERAGE SUNSPOT NU)MBER (R12) 120.
A G tU G * ELFCTRON GYRO-FREOUENCY (MHZ) 1.400
R L A L * TOTAL GEOMAGNETIC FIELD (GAUSS) 0.900

F L F $4*44i 444444444449 $444444 444444444$*4444$4444$444444
SIGNAL FREQUENCY (MHZ)

(DEG) (DEG)* 2.00 3.00 4.0o 6.On 8.n 12. 1i 16.00 204.00 32.0N
1* 4 4 44 444$ 4444 #tf4 ** 4144 4 +** k # * 0# 4 4* ff444#*s k44 4 *4444$* 4*44 4#

0 0 * 260. lq3. 14i. 8P. 59. 31. 1q. 9. 5.
10 * 186. 138. 104. 64. 42. 22. 13. 6. 4.

20 * 120. H9. 67. 41. 27. 14. g. 4. 2.
30 * 87. 65. 4). 30. 2G. 10. 6. 3. 2.
45 * 63. 47. 35. 22. 14. 8. 5. 2. 1

65 * 50. 37. 28. 17. 11. 6. 4. 2. 1.
0 46. 34. 25. 16. t0. 5. 3. 2. 1.

f44 #44 *4 1 4 4 4* 4 4:44 4, 44#44444 k 4L ,+# 4 4 4 4444 i44 44144 4* *44. 4

20 0 * 244. 181. 137. 84. 59. 29. 18. go 5.
10 * 175. 129. 98. 60. 40. 21. 13. 6. 4,
20 * 113. 83. 63. 3q. 26. 13. 8. 4. 2.

30 * 82. 61. 46. 28. 1q. 10. 6. 3. 2.
45 60. 44. 33. 20. 14. 7, 49 2. 1.

65 * 47. 35. 26. 16. 11. 6. 3. 2, 1.
90 * 43. 32. 24. 15. 10. 5 3. 1. 1.

*444 4 4 1 * $4 44*4 4 4444 44 4 4 4 4 4 44 44 ** *4 * *4** * *,** * * 4 * *Ik

40 0 * 2or. 148. 112. 68. 45. 24. 14. 7. 4.

10 *143. 106. 840. 49. 32. 17. 10. 5. 3.
20 * 02. 68. 52. 32. 21. 11. 7. 3. 2.
30 * 67. 50. 37. 23. 15. A, 5. 2. 1*
45 * 49. 36. 27. 17. 1i. 6. 4. 2. 1.
65 * 38. 29. 22. 13. 9. 5. 3. 1 1

9o * 35. 26. O. 12. 8. 4. 3. 1. 1.
* *** * 44 * * * 41 4 t *4 * 44 t4 *4* * $ * * * * * 4 * * *** t * 4 t t 4*4 44 44 * 4 4 * *

60 0 * 135. 100. 75. 46. 31. 16. 10. 5. 3.
10 * Q7. 72. 54. 33. 22. i1. 7. 3. 2.

20 * 62. 46. 35. 21. 14. 7, 5. 2. 1.
30 * 45. 33. 25. 15. 10. 5. 3. 2. 1.
45 * 35. 24. 18. 11. 7. 4. 2. 1. 1.

65 * 26. 19. 15. 9. 6. 3. 2. 1. 1.
go * 24. 18. 13. H. 5. 3. 2. 1. 0.

80 0 * 63. 46. 35. 21. 14. 7. 5. 2. 1.

10 * 45. 33. 25. 15. 10. 5, 3. 2. 1.
20 * 2q. 21. 16. 10. 7o 3. 2. 1. 1
30 * 21. 16. 12. 7. 5. 2. 2. 1. 0.
45 * 15. 11. 9. 5. 3o 2. 1. 1. O.

65 * 12. 9. 7. 4. 3. 1. 1. 0. 0.
90 * 11 8. 6. 4. 2. 1. 1. 0. 0.

100 0 * 3. 2. 2. 1. 1. 0. 0. 0. 0.
TO 10 * 2. 2. 1. 1. 1. 0. O. 0. 0.
180 20 * 1. 1. 1. 0. 0. o. 0. o. 0.

30 * 1. t. . o. o. 0. 0. 0. 0.
45 * 1. 1. 0. O. 0o 0. 0. 0. 0.
65 * . 0. 0. 0. 0. O. o. 0. 0.
90 * 1. 0. 0. 0. 0. 0. 0. 0. 0.

120/140
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S S * TOTAL IONOSPHERIC ABSORPTION LOSS (DECIBELS)
0 A IA*t**t *f* 4* *f**+* **************
L N G N * AVERAGE SUNSPOT NUMBER (R12) 120.
A G IJ * ELECTRON GYRO-FREOUENCY (MHZ) 1.820
R L A L * TOTAL GEOMAGNETIC FIELD (GAUSS) 0.650

E L F t4444,4$44444444**$4*44I$4*

* SIGNAL FREOJEtNCY (MHZ)
(DEG) (DEG)* 2.00 3.00 4.00 6.00 8.00 12.00 16.00 24.00 32.00

4 4 44 $ 4$ 44 * 64 4 #f#4#4* 444$ 444*444 4444#4 4 4#0** * * **4 tI* **** * #* *

0 0 2?q. 171. 130. 81. 95. 29. 18. 9. 5.
10 * 164. 122. 93. 98. 39. 21. 13. 6, 4.
2n * 106. 79. 60. 37. 25. 13. 8. 4. 2.
30 * 77. 57. 44. 27. 18. 10. 6. 3. 2.
49 * 56. 42. 32. 20. 13, 7. 4. 2. 1.
69 * 44. 330 21. 16. it. 6, 3o 2. 1,
90 40. 'n. 23. 14. 10. 5. 3. 2. 1,

20 0 * 215. 160. 122. 76. 51. 27. 17. 8. 5.
S10 154. 11b. A7. 54. 37. 20. 12. 6. 3o
20 * Q(4. 74. ci6. 35. 24. 13. 81 4. 2.
30 * 72. 94. 41. 26. 17. 9. 6o 3, 2o

45 * 52. 3Q. 3n. 19. 13. 7. 4. 2. It
65 * 41. 31. 24. 15. 10. 9. 3. 2, 1.
q0 * 38. 2A. 21. 13. Q. 5o 3. 1. is

**4 4 44 4 4 *4#* 4$*f *4#$$ 44 44 44 **444* 4* * ****4 44** 44**4 *4 4 * **

40 0 * 176. 131. 100. 62. 42. 22. 14. 7. 4.
In * 126. Q4. 72. 49. 30. 16. 10. 5 3.
20 * RI. 61. 46. 2Q. 19. 10. 6. 3. 2,
30 * 59. 44. 34. 21. 14. R. 5. 2. 1.
45 * 43. 32. 2,. 15. 10. 5. 3. 2. 1.

65 * 34. 29. 19. 12. 8. 4. 3. 1. 1.
00 * 31. 23. 18. 11. 7. 4. 2. 1. I.

60 0 * 119. 8?, 68. 42. 28. 19, 9. 5. 3.

10 * 85. 63. 48. 30. 20. II. 7, 3. 2.
2n * 55. 41. 31. 19. 13. 7. 4. 2. 1.

30 * 40. 30. 23. 14. 9. 5. 3o 2. 1.
49 * 2q. 22. 16. 10. 7. 4. 2. 1. 1,
65 * 23. 17. 13. g. 5. 3. 2. 1. 1.

90 * 21. 16. 12. 7. 5. 3. 2. 1. 0.

80 n * 5. 41. 31. 1q. 13. 7. 4. 2. 1.

in * 39. 29. 22. 14. g. 9. 3. 2. 1.
20 * 25. 19. 14. q. 6. 3. 2. 1 1.
30 * 18. 14. 10. 7. 4. 2o 1 1. 0.

45 * 13. 10. 8. 5. 3. 2. 1. is 0.

69 * 11. 8. 6. 4. 3. i 1. 0. 0.
90 * I0. 7. 9. 3. 2. 1. i 0. 0.

I00 0 * 3. 2. 2. 1 1. 0. 0, 0. 0.
TO 10 * 2. 1. 1. 1o 0. 0. 0. 0. 0.

180 20 * 10 1. 1. 0. 0. 0. 0, 0. 0.
30 * 1. 1. 1. 0. 0. 0. 0. 0. 0.
4i9 * is 00 0. no no 0o 0. 0. 0,
69 * 1. 0. 0. 0. 0. 0. 0. 0. 0.
Q0 * 0. no 0o 0. 0. 0. a. 0. 0.
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S T Tr)TAL 10I,SrPHERIC AHSCOPnTIOrI LO(-''. (DECItiFLI)
0 A I A '11 1ii .s,', .. ,

L. t4 r ' * AVFRAfF C, 1 ISnrT ,iirAtiF,-Q ('121 190.
A G 11 , * FLFCTPr),I YQr )-.F F) 'I"Y (', 7I U. 701,

I. A L * T( At GE-r)MAYIFT IC P TF r) IA i' P.290
F L ! , * I I i . I . I I , -i I i I .

* rI 7. 2A ,' FRFI0(jFtCY (, )

MP''l (()F,,)4 2.0 3. 1 1" 6 0 p.01 . 0 f) :3, 4. 1 .. 0

n ( 57 . 2' 1U1 1 11. 1. .3. 2: .0

II '14 .M. 1 l ,. 01. 1?. 2I. 16. 7. 4.L
fl 1ho6 . . ,' 9.. t14. 11. 10. . .

3N ) 1 , .. 61s. . 14. 2. 7. 3. I.

6N t 67. A4 U 37. P-'. . 1 4. '. 2. .

Q24 . 1 , 6 .. th. 2 . 10. ,.

1n * 237. 17?. 1;-1. 7h %. I . 7. 1.

p44 1 ' I i4 .4 M:,) 4 4 . 3;11 . I I n4 444. 14'

.3n * I(I. Rf). fno. .5 . 23. 12. 7. 3. 2.
0 1 70. )4. 4 . 'HI. 1 . m . ). . 2.

650 * h3. f'. 31. .20 1 . .7. . . . 2. .
ul') * 67. 142. 116. 1 12. 1. 4 2. 1.

,in INI h . 11412 . 17. 1 . 3. 2. 1.
1.0 1 I1/1 141 . 2 n6. I' 'f. 1 .* N. 3. 1P. .
20 1 2 3M. Q1. 67. NM. M'.. 140. 1. N. 2.
10 8 (3C. .. 71 k) 14. 1'. ['. 0. .3. 2.
20 *h M . ,.* 'h.. 27. 1. U. . 2. 1.

60l. ik. . 27. Ih. 6. 3. 2. 1.
tin, 4 3t4 . 2f,. 13. 1 . 1.

1 0 1 ? C . 26. 71. .7. 14. .. p 1.'I * kA. I . 1 . .. . 4. 1.
3f)ii t ( . 61 . 4 . 27. 1 . . . 2.
411 4 61. l+ . 33. 1n. 13 ,. L. I. 2. 1.
20) * 50 , ;. 1. 11. 7. 1. 2. 1 1 .

32 20. . 1 7 7. 71. . 1. 1. I.
6 O * 16. 12.1 1 -. l -42. . 0. I.

''I € - ':Ii ,tI , 44 ' ,' , . 4 ' 4 , , .'...; 4444! 4

pin 0 p 0i I . 2F. 27. 17. 0) . 2. 0 .
1 0 4 3. 2t. 2 . 1. . 1 . 0. 0. 1.
20 1 2p. 1 " 1. I . 0. I). 0. 0I 0.

H ; . 1 . 1 . . 0. 0. 0. . 0.

) *, l1. 1i. (. 0. (. 0. 0. 0. 0.

TO 10 3 P, . 2. 0. 01 n.<. O. O
Imo P0} i . 1. 1 1•. 0 . In 01

.3) ) 1. 1. 0. 0. ,). 1. 0. 0. 0.
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I

I iC e, s * TOtA(. IOPA0)SrHEQIC AliqORPTTOtJ LOSr, mrEC~iELS)

i G ,iAVEPAGE ;(ifjcPOT filjM'iEr 0412) 150.
A G 11 (1 ELECTROn4 GYRO-FPEQtJE!iCY ( AHZ) 1.120
P L A L TOTAL GEOMAGJETIC FTFLID (GAljI;-) n.40n

E L F *. i t I I # 0 1 , *i( t 6 # 4€I,¢' I ; 4 f 41t 1 441 1 v

* ,IGIIAL f7 E0'jFilCY (NAH71

C) (DE(i)* 2.00 " 3.0' 4.0f ) 6.0,1 9.00 12.01 16.0,1 24.00 32.00

0 i ,O-). 2,19. 1h"Q. 10p. 67. 35. 21. 10. 6.
10 * l1. 161. 121. 73. L4t. 25. P-. 7. 4.

20 $ 1141. 1014. 7A. 47. .31. 16. 10. 5. 2,.
)o * 102. 75. )7. 34. 22. 12. 7. 3. 2.
(41) 4 71,. Y) . 41. 2'). 16. H4. 5. 2. 1.

69) * . 41. 31. 20. 13. 7. 4. 2. 1.

cmf * 5. * 30. 1m. 12. 6. 4. 2. 1.
4 1 : . -

r  

# 4 i 1 4 4 0 4 0 4 1 + t t 1 1¢ #l 4i fI 1 4 f# 1' i 4 0 6l 1 1 ' 1 #

2 0 8 7. 21.• 1-4. P 46 . F3. 3. 20.. q4. Ii.

In * 21i9. 191. 114. 6'Q. 49. 23. 14. 7. 4.

20 * I 1?. 08. 73. 1 '. 29. 19. '4. 4. 3.
30 * '46. 71. 93. 32. 21. 11. 7. 3. 2.

1.9 * 70. 12. 30. 23. 15. 8, 5. 2. 1.
69 * 1'. 41. 31. IM. 12. 6, '. 2. 1.
90 * -)1 37. 24. 17. 11. 6, 3. 2. 1.

10 1 * 234. 173. 13 .. 1. )1 27. 16. H. 4.

10 * 16. 124. q3. 96. 37. 114. 12. 5. 3.
2n IOM. 80. t)0. 36. 24. 12. 7. 4. 2.
30 * 7(4. 58. W.. 26. 17. P. 5. 3. 1.
t4,, ) 4 ' 7 42. 32. 19k4. 13. 6. 4. 2. 1.
60 * 41. 3'. 23. 14. 9. 9) 3. 1. 1.
(1.2 30. 2.. 11. .. M . 2. 1.
. I i # s j t t I 1{ 4 i t I # 4 4 1 f t -. f,€ # 0 41 4 1 i ItI * 6 €

1n 0 2 14. 17. A) 3. . 1). m. 4. r). 3.
30 * I.3. 84. .. 3. 2. 4. 2.
2n 0 7. %4 . 62. 1f. 2. . 1. 0.

8n * 93. 3). 2(. IR. 12. h. 4. 2. 1.
,40 * 3 . 2 . . 13. . . 1 1.

1*(1 30. 23. 17. 10. 7. 0. 2. 1. 1.I )R 1 2 . 2. 1. ;. . . 2. 0. 0.

m1 0 * 72. '4. 1. 2. 0. M. 0. 2. 1.In * 52. 3c). 294. 18. 12. 6. 4. 2. 1.

20 * 34. 2'5. IQ .  1 I . 7. 1 . 2. 1. 1.

30 * 2'). l . 1. 0. 0. . 2. 1. 0.
145 L * I 1. 1. 10. 6. 04. 2. 1. 1. 0.
69 * 1 . 10. M. 5. 3. 2. 1. 0. n.
(40 * 13. 4. 7. 4. 3 . 1. 0. . n.

1 1 , ' : t I 1 4 1 1 ; 4I 4 # 4 1 4 0 f € # I| #I0 nt€ ¢ .* Ii t ,l * # t I
I I~~o 10 * 3. 3. 2 . .: O . O

'40 * 1. 0. 0. 0. 1. 0. 0. 0. 0.Ii 0' • . I.0. O. . 0. 1 O. .

940 0. ° O O . 1). 0. n. Ol 0.
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S . TOTAL lIiOSPHERIC AFSORPTION LOS', (r)ECIlFLS)
I IA 44 4t , !.4 4$ 4 f $4 0 f # #14 14 I t. - i#

ri (, , AVFRAGE StJtSPOT tIJMBREQ (R12) 1,0.
A G 11 6 ELFCTRON GYRO-FRFOIJEt]CY ('AHZ) 1.4011
P I- A L TOTAL GEOMAGNFTTC FTELD (GA 50) 0.900

F L F #4 , t 4 4 , iI It

c ,IrVjAL FPEOI)ErIY (AHT)
(r)6) (F)F,) 2.0'n 5.0V 4. 1) 6.0,) p. n 12.n 16.0 0 2 4 .0 Q 0:)

0 n 290. 207. 197. 96'. 04. 5'. 20. 10. h.

10 * 20. itA. 112. 6h. 14. 24. 15. 7. 4.

20 $ IPU. 00. 72. . ?9). I,-, q. 5. 3.

30 * 44. 70. 92. 3,. 21. 11. 7. 3. 2.
L4 * 6,H. iI. 38. 23. 19. ' , . 2. 1.
6v) Y 4. 40. 30. 18. 12. 6. 4. 2. 1.

9) * 4 . 3t). 27. 17. 1:. 6. L. 2. 1.

tn i 1 .. .5 CO 4. 03 4 ii;f14 4tjf4 .! *  7. f 4#- .
3 2. .a 0. 147. of. 60. 2 5 I . 14 . . 9.

I R' . 13 . 10o. 24. 19. 18I. 1 . 2. 1.

49 I 1. 3.34 2H. 17. 2M. 1. 4. 2. 1.
0; , 6. .6, 2h. . 10. 1. 3. 2. 2.

0* r , 219. 199c . 120. 74. 49. 26 . 16. 8. 4*.

20 * . 74. 96. 34*. 23. 1?. 7. 5, 2.
* 72. 93. 40. 29. 16. 9. 9. 3. 1.

49 * 92. 3u .  28. 17. 12. 6. 4. 2. 1.
h * 4 . 31. 2-3. 1 0. u. . 3. 1. I.

U)) . 2. 201. 13. 4. 24. 3. A. 1.

6 0 * 11 4. 104. H1. 139 . 3 1. 17 . i . . 3.
10 * 10). 74. 8,. 34. 24. 12. 7. 3. 2.
20 * .7. 90. 40. 23. 1. 8). 9. 2. 1.
3fl * 4 . 3 . 27. 1 7. 16 '4. 2. 1.
"9 * 1. 2. 20. 12. 8. 4. o. . 1.
60 * 28. 21. 16. 10. 6. 3. 2. 1. 1.
in * 294. 71. 14. 9. . 3. 2. 1. 1.?0 * ( 67. 'i0. 3B. 23. 19). R. 9. 2. 1.

10 * 14Q. 3(. 27. 16. 1?. 6. 3. 2. 1.
L , 51 2). 17. 12. 7. 4. 2. 1. 1.

30 * 23. 17. 13. 10. h. 3. 2. 1. 0.

4L' * 1h. 12. 1. 9. 4. 2. 1, 1. 0.
f ) 13. 10. 7. 23. 3. 2. 1. 0. 0.

90 , 1?. 3. 7. 46. 3. 1. 3. 0. 0.

l0) n 5 3. 2. 2. I. 7. 0. 0. 0. 0.
T 3) n 10 . 2_. 1. 1. 5. 0. 0. 0. 0.

181) 20 * 2. 1. 4. .0. 0. 0. 0. 0.
6& , 1. 1. 1. 0. 0. 0. 0. 0. 0.

01 1. w. 0. 0. 0. 0. 0. 0. 0

TO I 2. 0. 0. 1. 0. 0. 0. 0. 0.2' n I (. I nt .) 0. 0. 0. O)o

00, 1. 0. 0, 0. 0. 0. 00 01 0.
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1 - A , TOTAl J0tjOScHFPTC AkSgOPPTTOrl LoS', (OEC7HELS)

tI G AVFRAGF r,(StJU OT rJAIMkEP (012) 1 iO.
A G j 1 1 ELECTOO GYP0o-FQFFFhCY (MHZ) 1.8201
F> I- A I TC1A1 GFOVAGJFT1C FIEl D (GhA'JS() 0.650

F t F # # 4 1 1 f f : I f f f $ # 4 +

# SITGUAL F9,IIFr(CY (Mfi?)
(DFS) ()F,) 2. U 0 3..) 4.0 6.01) 8.0) 12.0) 16.01i 24.00 32.fls

$; +1 4 -, 4 4 4 4 f : 4 1 4 1 1 144 #if94*94$ 4 1 Ik * 4 *' + 0 0 ' 6

F) * tb. 1,4. 1 0. m7. 1J. 31. 1'". 9. 6.
in 17h. 132. 10,1. 62. 42. 2?. 14. 7. 4.

2n I 1I 4 . P". 6i. 14. "27. 1. . 4. 3.
3q * R3. 62. 47. 2Q . 2ro. 11. 7. 3. 2.
4, * *F-). 4 5. 34. 2 . 1 . p . L. 2. 1.

h ) 14 7. 35. 27. 17. ]h . f. 4. 2. 1.
|,), 0 ,L '2. 2.. Ii. I1 . ,. 3. 2. 1.

21 ) s 2 1, 113. 132. A;?. . 30. 1 . 5.
in * IA-.. 12)4. 94. 5q. 40. 21. 13. 6. 14.
20 * 107. H0. A)1. 38. 2 . . 8. 4. 2.

-)) A 18. 58. 44. 27. 19. 1). 6. 3. 2.
45 * '6. 42. 32. 20. 15. 7. 4. 2. 1.

34 * 45. . 2 1. 1 11F II. 4. 2. 1.
(90 41 3 3n. 2 3. 14. . 5. 3. 2. 1.

40 0 1 H 9. IliI. 108. 67. 45. 24. 15. 7. 4.
in * I55. 101. 77. 4B. 32. 17. I t. 11. 5.
2) M7. f65. ')0. 31. 21. 1 . 7. 3. 2.
,0 3 . t4 7. 36. 2;1. 1'). 8. ). 2. 1.
45 * 0 . 34. 26. 16. t I. b. 4. 2. 1.
f") 36. 27. 21. 13. 9. 5. 3. 1. 1.
(o * 3 , 25. 1. 12. . 4. 3. 1. 1.

0 I) * 12. 95. 73. L . 30. 16. 10. 5. 3.
1 Q? . 6H. 52. 32. 2.. 12. 7. 4. 2.
20 * 5 1, .. 34. 21. 14 . H. ). 2. 1.
3o 0 .* 32. 24. 1. I1. 0. 3. 2. 0.
12 * .31o 21. I . 11. 70. . 2. 1. 1.
6 1. is. 1. 04. 6. 3. 2. 1. 0.
cn 4* 2-. 17. ,3. 0. 0. 3. 0. 0. 0

L ,in 41, u. ,. 3L4, 21. l{i . -. 2. 1 .
1 n * 42. 32. 24 . I 5. to. . 3. 2. 1.
20 * 27. 2 0. IF. 10. 7. 3. 2. 1. i.
30 * 20. 1%). 11. 7. 5. 3. 2. 1. 0.
4 Li * 14., l1. H. -, 3,. 2. 1,. 1. 0.

6) * 1. 0. 6. 0. 3. 0. 1. 0. 0.
U0 10. H. 6. 0. 2. 0. 0. 0. 0.

0' 150/18
3. 2 2290 n.0

TO 10 2. 2. 1. 1. I. 0. n. 0. O1
l4) 20 * 1. 1. 1. 0. 0. 0. O, 0. n).

3r 1. 1. 1. 0, 0. nt. 0. 0. 0.
495 1. 1. n. 01 0. 0. 0.} 0. 0.

6L) * . n. 0. 0. 0. 0. 0. 00 0.
qO 1 . 0. 0. 0, 0. 0. 0). 0. 0.
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r S TOIAL 0tiOCSPHERIC ARSORPTIOtl LOS'; (DECII ELSI
0A I A **,i *$z~44$4~4

4 $, 1 $ 4 4  4 4 4 4

L N G I * AVERAGE SIJrISPOT tilMIHER (012) Ifi0.
A G tA ELECTRotl GYPO-FPE1(JEJICY (MH7) 0.70',
R L A L * TOTAL GEOMAGitETIC FIEL) (GAIJ)S5) 0.250

rI Cl AL PRE(IT-iC Y f MH7)
MrFG) (r)Fc,)4 2.0n 3.0 4..00 h. 01) H.00 12.Uti 16.0,1 211.00 32.)

Ia~ 4 44 4 1 44 4 444,' 4 4 1 4I I ( f44 4 4 4 44 4 4 #4 f 444 f4 I 4

0 n * 371. 274. 204. 121. 78. 3q. 24. li. .
1( * 266. 196. 146. M6. 56. 2M. 17. t. 5.
2n * 171. 126. Q4. 56. 3t3. 18. II. '. 5.
30 * 124. q2. 68. 40. 26. 13. S. 4, 2.
45 * 91. 67. 50. PP. !q. 10. 6. 3. 2.
6* 72. 53. 3q. 23. 15. 8. 5. 2. 1.
QII fL5. 4A. 36. 21. 14. 1. 4. 2. 1.
;4 '' : I: 44 I ,I, 14 4f 44? 4 .14, f4 4 41,4* 44444f 4 144 1 fI. I 4 I.I 44I

?0 f) 3141. 257. 101. 113. 73. 37. 22. i0. 6.
10 * 250. 1H4. 137. $1. 52. 2t. 16,. 7. 4.
20 4 161. 119. SH. 52. 34. 17. tU. 5. 3.
30 * 17. Rh. 64. 38. 25. 12. 7. 3. 2.
45 * 85i. 63. 47. 2R. I. 9. 5. 3. 1.
65 * (,7. 50. 37. 22. 14. 7. 4. 2. 1.
0 4 61. 45. 34. 20. 13. h. 4. 2. I.

4I' . 4 *f 41 4 &#4$41444 4 4 f f * 41 4 4 44 , t f $ 1

40 0 4 285. 210. 1 7. '-3. h0. 30. JR. 9. 5.
10 * 204. I)5 . 112. 6(. 43. 2-). 13. 6. 4.

20 4 132. o7. 72. 143. 28. 14. H. 4. 2.
30 4 96. 71. 52. 31. 20. 10. h. 3. 2.
45 * 70. 51. 3m. 23. 15. 7. 4. 2. 1.
6l 4 ,';. 41. 30. 1$. 12. 6. 3. 2. 1.

* )n . - . 37. 27. 10. i0. 5. 3. 1 • 1.

6(1 0 1 3. 1L2. 10 . f,3. 40. 2). 12. 6. 3.
10 - 138. 102. 76. 45. 29. 15. 9. 4. 2.
2n w 4, 6"'. 49. 2q. 14. Q. 6. 3. 2.
3) * h . 48. 35. 21. 14. 7. 4. 2. 1.
45 * 47. 35l. 26. iS. 10. 5. 3. 1. 1.
,5 * 37. 27. 20. 12. 8. 4. 2. 1. 1.
90 * 34. 25. 19. it. 7. 4. 2. 1. I.

8n fI H $9. 6t). 4(4. 2u. 1). 9. 6. 3 2.
In 64. 47. 35. 21. 13. 7. 4. 2. 1.
20 41. 30. 23. 13. 9. 4. 3. 1. 1.
30 * 31). 22. 16. 10. 6. 3. 2. 1. 1.
4* &- P/. 1(-. 12. 7. Li. 2. 1. 1. O.
6) * 17. 13. 9. 6. 4. 2. 1. 1. 1).
0O 16. 12. 9. ). 3. 2. 1. 0. 0.

1 4 f 1 I f44 I I 4 4 4 s 4 1 6 4 1 4 t 4 44, 4 f , 4 L *4 4 4 4 1

inn 0 * 4. 3. 2. 1. 1. 0. 0. 0. 0.
TO 10 * 3. 2. 2. 1. 1. 0. 0. 0. 0.

1140 20 * 2. 2. 1. 1. 0. 0. 0. 0. 0.
30 * 1. 1. 1. 0. 0. n. 0. 0. 0.
4L * 1. l. 1. 0. 0. 0. 0. 0. 0.
6* * 1. I. 0. 0. 0. 0. 0. 0. 0.
.0 * 1. 1. 0. 0. 0. 0. 0. 0. 0.
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I
I

, TOTAL 0;t4)SPHFPTC AB3SORPTT~tl LO' (rECIELS.,

Il , AVERAGE SIJSPOT jUJMHER (Q12) 180.
r ELECTROII GYPO-FREQIjF1jCY (AH7) 1.120

SI A L * TOTAL GEOMAGHETIC FIELD (GAI)SS) 0.4011

0 STGjtAL FREIJFrJC- (MHZ)

(r)FG) oFE, 2.0 3.00 4. 0" 6.01 R.' 12.0,1 1.01 214.00 32.011

11) * 327. 241. I8l. 109. 72. 37. 22. 1i. 6.
In * 234. 173. 130. 7A. 51. 27. 16. A. 4.
20 * 151. i11. H4. 9). 3S. 17. 10. S. 3.3n * 110. PI. 61. 37. 24. 12. 8. 4. 2.

4'1 * 80. 54. 41,. 27. 11. 9. 5. 3. 2.
6,) * h3. 46. 35. 21. 14. 7. 4. 2. 1.
Li0 * c7. 42. 32. 1q. 13. h. 4. 2. 1.

4* 1 4 . 4 4 , 4 44!I*44 4 4$ 44 44 1 4#4 4 4 *II#)04;f64 44#4,14 4 1 4f*

?n f) * 307. 2 '7. 170. 113. 6,7. 35. 2L. 10. 0,.
in * 2'0. 1h2. 122. 75. 48. 29. 19. 7. 4.
20 * 142. 105. 79. 47. .31. 1t. 10. 5. 3.
30 * 103. 76. 57. 34. 23. 12. 7. 3. 2.

* 7s. rY'. 42. 29. lt. 9. L. 2. 1.
65 * 4. 44. 33. 20. 13. 7. 4. 2. I
(40 * L14. 40. 30. 1 g. 12. 6. 4. 2. 1.

0 1 * 21. 185. 1(4. A4. 5'. 2(. 17. 8. 5.
in * IM0. 135. 101). 60. 3Q. 20. 12. 6. 3.
20 * 116. Hh. 64. 39. 25. 13. 8. 4. 2.

30 84. 62. 47. 28. 18. 10. h. 3. 2.
15 * 61. 45. 34. 20. 13. 7. 4. 2. 1.
h9 * 48. 36. 27. 16. i1. 5. 3. 2. 1.
C IO * 1'4. 32. 24. 15. 1o. 5. 3. 1. 1.

60 0 * 170. 125. 94. 57. 37. 19. 12. 6. 3.
in 4 121. 90. 67. 41. 27. 14. R. 4. 2.
20 * 78. 58. 43. 2b. 17. 9. 5. 3. 1.
3n * 97. 42. 32. 19. 12. 6. 4. 2. I.

45 * 41. 31. 23. 14. 9. 5. 3, 1. I.
6L 3',. 24. 18. 11. 7. 4. 2. 1. 1.
q0 * 30 . 22. 16. 10. 7. 3. 2. 1. 1.

0 0 * 7(j. 58. 4,. 26. 17. Q. 5. 3a 1.

10 * 56. 42. 31. 19. 12o 6. 4. 2. 1.
20 * 36. 27. 20. 12. 8. 4. 2. 1. 1.
50 * 26. 19. 15. 9. 6. 3. 2. 1. 1.
49 * 19. 14. 1 1. 6. 4. 2. 1. 1. 0.3 69 1 15. II. H. 5. 3. 2. 1. 0. 0.
90 * t4. 1o. 8. 9. 3. 2. 1. 0. 0.

1in (1 4 . 3. 2. 1. 1. 0. 0. 0. 0.
TO 10 3. 2. 2. 1. 1. 0. 0. 0. 0.

190 2n , 2. 1. 1. 1. 0. 0. 0. 0. 0.
30 * 1. 1. 1. 0. 0. 0. 0. 0. 0.
45 * 1* 1. is 0. 0. 00 0. 0. 0.

69 * 1. 1. 0. 0. 0. 0. 0. 0. 0.
*0 1. 1. 0. 0. 0. 0. 0. 0. 0.
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S * TOTAL IONOSPHERIC ARSORPTION LOS (DECIBELS)

A I A ~4 *Iit4t44

L fI G N * AVERAGE SJNSPOT rjIJMtbER (R12) 180.
A G N G * ELECTRONl GYRO-Fr)EI)FIICY (MH?) 1.40n

: L A L * TOTAL GEOMAGNETIC FIELD (GAI)JS) 0.500

F~~4~ L :1 I ii:44tI$f*
* SIGNAL FRE0IIEt4CY (MHN)

(O)F' (nOFc)* 2.On .5. 1)' 4.0 ') 6,00 8.00 12.00 16.0') 24.0n 32.Of)
1 1 4f 4 , 4 *t 4 4 4$ *4 t* * *#** * k 4 t * # * * 44 Ir*)4
0 0 * 300. 2,':' 168. 103. 68. 36. 22. 10 6.

10 * 215. 159q. 120. 73. 44. 26. 16, 7. 4.
20 * 138. 103. 77. 47. 31. 16. 10. 5. 3.
30 * int. 74. 56. 34. 23. 12. 7. 4. 2.
'49 * 73. 54. 41. 25. 17. 9. 5. 3. 1.
65 * 5. 143. 32. 20. 13. 7. 4. 2. 1.

90 53. 39. 20. 1s. 12. 6. 4. 2. 1.
*Ik4i.4444# 444441,'; 444I,*i 44+l 444i 4*44**4444il .444444444

20 n 282. 20). 15. 96. b4. 35. 20. 10. h
10 0 21. l9q. 713. 4's. 49. . 19. 7. 3,

2n 130. 146. 73. 49. 29. 1') . . 7. 3.
30 94. 70. 53. 32. 21. 11. 7. 3. 2.
U5 * 6Q. 51. 38. 24. 16. 8. 5. 2. 1.
65 - . 40. 30. 19. 12, 6. 4. 2. 1.
q0 * 4q. 37. 28. 17. it. 6. 4. 2, 1.

40 0 231. 171. 129. 79. 52, 27. 17. A. 5.
10 165. 12'. 92. 56. 37. 20. 12. 6. 3.
20 106. 70. 60. 36. 24. 13. A. 4. 2.
30 77. 57. 43. 26. 18. 9. 6. 3. 2.
14'j 56. 42. 31. IQ. 13. 7. 4. 2. 1.
65 * U14. 3S. 25. 15. 10. 5. 3. 2. 1.
90 * 40. 3n. 23. 14. 9. 9. 3. 1. 1,
#44 4 4 44;4 4 #1444, 4 4 4 *44 444 4 4 f 1 * & f 4 4 4 4 4 4 * f f 4 4

60 n * 156. 115. 87. 53. 35. 19. 11. 9. 3.
10 * lit. 83. 62. 38. 25. 13. 8. 4. 2.

P0 * 72. 53. 40. 25. 1 . L). 5. 3. 1.
30 * S2. 3q. 29. 1R. 12, 6. 4. 2. 1.
45 * 3A. 28. 21. 13. 9. L. 3. 1, 1.
65 * 30. 2,?. 17. 10. 7. 4. 2. 1. 1.
90 * 27. 20. 15. q. 6. 3. 2. 1. 1.

*44 4 * I 4 t44 '4f 44I f4f4 4 4 ' 4$4444$ 4 * 4 4 A44 444# 4 4 I14 1 11 t4 4 1 f,

80 0 * 72. 53. 40. 25. 16. C. 5. 3. 1.
10 * 52. 3. 29. 18. 12. 6. 4. 2. 1.
20 * 31. 25. 19. 11. 8. 4. 2. 1. 1.
30 * 24. 18. 14. 8. 9. 3. 2. 1. 0.
45 * 1. 13. 10. 6. 4. 2. 1. 1. 0.
65 * 14. too 8. 9. 3. 2. 1. 0. 0.
'40 * 13. 9. 7. 4, 3. 2. 1. , 0,

100 0 * 4. 3. 2. 1. 1. 0. 01 0. 0.
TO 10 * 3. 2. 1. 1. 1. 0, 0. 0. 0.
1R0 20 * 2. 1 1. 1. 0. 0. 0. 0. 0.

30 * 1. 1. 1. 0. 0. 0. 0, 0. 0.
41 * 1. 1. 0. 0. 0. 0. 0. 0. 0.
65 * 1, 1. 0. 0. 0. 0. 0. 0. 0.
90 * 1. 0. 0, 0. 0, 0. a. O, 0.
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I
I

I S * TOTAL IOIIOqPHFRTC ARSORPrTI i LOSq (nFCIRFLS)I Li ~A I A *4I1i44t44444444 .44144~444
I t G I I AVERAGE SU S POT NIUMBIER (R12) IAO.
A G li r * ELFCTROII GYRO-FRFOIJE'ICY (MHZ) 1.820
P L A I* TOTAL GEOMAGnJETIC FIELD (GAJSS) 0.650

F 1. F I 
' 

I 
! l
4 , 4 f -

'
44 141 * 4 f§l t I*tk If+ I I t#tt14 #ttI C

SSIGriAL FREUFfICY (MH7)
(r)EG) (DEG)* 2.00) 3.0W) 4.00) 6.00 A. , 12.00 16.0() 24.00 32.00

I I-f I 44 -4 ,4#44I44* f4 4 f ,0 4 1 1 t #10,+ I 4 f4 4 4 f4 #- *$4 * 46

0 1) * 2. 1Q7. 15. Q4. 63. 34. 21. 10. 6.
In * JAC). 141. 107. 67. 45. 24. 15. 7. 4,
2(l * 12". 9l. 60. 43. 2. 1h. 10. 5. 3.
30 * Ws. 6h. 50. 31. 21. 11. 7. 3. 2.
45 * A . 4H. 37. 23. 15. 8. 5. 2. 1.
65 * l. 38. 29. 1A. 12. 6. 4. 2. 1.
9n * 4h. 34. 26. 16. 11. 6. 4. 2. 1.I * 41 *., f, II i +4 14 4 4 14441 44 4 t 4 If( 44 f4 4 4 4 # & f ,4 f4'$ *k4 f

20 (1 4 24H. 1M5. 141, Hi,. 51, 32. 2(G. 10. 6.
10 * 177. 132. int. 63. 42. 23. 14. 7. 4.
20 * 1114. 85. 65. 41. 27. 15. 9. 4. 3.
30 * 83. 62. 47. 29. 20. 11. 7. 3, 2.
45 * 60. 45. 34. 21. 14. M. 5. 2. 1.
6S * 4A. 36. P7. 17. 11. 6. 4. 2. 1.
'-J0 * 43. 32. 25. 15. 10. 6. 3. 2. 1
-*4 4 4 4 1 1 4 t4: 4444 44# 4144 * 4 14 4 4 4 4 4 4 +f4 1 44*t444 4 ,&t #, 1 4 t4

40 () * 203. 151. 115. 72. 48. 26. 16. 8. 5.
10 * 145. 108. s3. 51. 35. 1L. 11. 6. 3.
20 * (44. 70. 53. 3/. 22. 12. 7. 4. 2,

30 * 68. 51. 39. 24. 16. 9. b. 3. 2.
45 * 4q. 37. 28. 18. 12. 6. 4. 2. 1.

65 * 39. 29. 22. 14. 9. 5. 3. 2. 1.
gO * 36. 27. 20. 13. M. 5. 3. 1. 1.

60 0 * 137. 102. 7A. 49. 3.5. 17. 11. 5. 3.
I10 qpg. 73. 56. 39. 23. 12. a. 4. 2.

20 63. 47. 3h. 2". 15. H. 5. 2. 1.
30 46. 34. 26. 16. 11. 6. 4e. 2. 1.
145 * 33. 2 . 1q . 12. H. 4. 3. 1. 1.
5 * 26. 20. 15. 9. 6. 3. 2. 1. 1.
0 * 24. I. 114. R. 6. 3. 2. 1. 1.

An 0 6 63. 47. 36. 22. 15. A. 5. 2. 1.
10 * 45. 34. 26. 16. 11. 6. 4. 2. 1.
20 * 29. 2 02, 17. 10, 7, 4. 2. 1. 1.
30 * 21. 16. 12. 8. 5. 3. 2. 1* 0.
45 * 15. 12. (4. 5. 4. 2. 1. 1. 0.
65 * 12. 9. 7. 4. 3. 2. 1. 0. O.
90 * II, 8. 6. 4. 3. 1. 1. 0. 0.

*444 4 t' 1 4 4 f, 4 4 # 4 4 f * ~444 * * * i f f 4 4 * * * 4 4 * t

100 0 * 3. 2, 2. 1* 1. 0. 0. 0. 0.
TO 1 * 2. 2. 1. 1. 1t 0. 0. O 0.
190 20 * 1: 1. 1 : 1 :0 0 0: :. 0 :0

30 * 1. 1. 1. 0. 0. 0. 0. 0. 0.

5 * 1. 0. 0. 0. 0. 0. 0. 0. 0.
'0 * 1. 0. 0. 0. 0. 0. 0. 0. 0.
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S S * TOTAL IONOSPHERIC ARSORPTION LOS (DECIRELS)
C)A I A 4,4I4944,,4;449*44f44494it

L I G * AVERAGE SUNSPOT uIIMBER R12) 210.
A G 14 G * ELECTRONj GYROwPREIEIICY (MHZ) 0.700)
R t. A L s TOTAL GEOMAGUETIC FIELD (GAIISS) 0.250

F L E 4I t$* 4494449444*4944#,44 499 444944444 I94

* SIGNlAL FRFQIJFIJCY (MHZ)
i IEGI CrF.G)* 2.Of) 3.0) 4. 0 6.Or 8.00 12.0- 16.00 214.00 32.l0

0 0 4 3Q6. 2QP. 217. 12P. 83. 42. 25. 12. 7.
10 * 283. 204. 156. 9?. Y9. 30. 18. A, 5.
20 * 183. 1h. 100. 5). 38. 19. 12. 5. 3.
30 * 13i. L8. 73. 43. 28. 14. P. 4. 2.
49 q7. 71. 53. 31. 20. 10. 6. 3. 2.
69 * 76. 9h. 42. 25. 16. M. 5. 2. 1.
40 * 6). b1. 38. 23. Ii. 7. 4. 2. 1.
J4 4 # i I . 09 4 14 i 4 4 4 1 4 0 # 4 1 94 1114 4 44 44 #*4 *f- j4*4 04

21 0 * 372. 274. 204. 121. 78. 39. 24. 11. 6.
10 1 26 . 14h. 146. 86. .6. 28. 17. 8. 5.
PO 172. 127. q4. 56. 36. 18. 11. 5. 3,
30 * 1210 92. 68. 41. 26, 13. 8. 4, 2.
49 * 141. 67. 90. 24. 1(. 10. 6. 3. 2.
65 * 72. 53. 30. 23. 15. 8. 9. 2. 1.
qn * 65. 48. 36. 21. 14. 7. 4. 2. 1.

40 0 * 304. 2.'4. 17. 9-4. 64. 32. 1q. o. 9.
10 * 21M. 1.61. 1'20. 71. 46. 23. 14. 6. 4.
20 * 140. 11114. 77o 46. 29. 15. 9. 4. 2.
30 * 102. 7'. 6. 33. 21. it. 6. 3. 2.
4 * 74. V"-. 41. 24. 16. 8. 5. 2. 1.
65 * Y4. '43. 32. 1q. 12. 6. 4. 2. 1.
q, * '13. 30. 2L. 17. it. 6. 3. 2. 1.

60 11 * ?06. 192. 113. 67. "3. 2.'. 13. 6. 4.
10 * 147. 108. fi. 48. 31. 16. q 4, 3.
2] * wi. 70. 52. 31. 20. 10 . 6. 3. 2.
30 * 6o. 51. 38. 22. 14. 7. 4. 2. 1.
4 4 * )0. -57. 28. 16. 11. 5. 3. 1. 1*

6, * 40. 24. 2;:. 13. 8. 4. 3. 1. 1.
9!) * 36. 27. 20. 12. M. 4. 2. 1. 1.

* 44 4h II 4I - 4 94.1 44,4#444 11f14tfi$it14 ! 1 9444*4444 4, 4 , *0 19 4 k ** * t I i49

A0 0 c 45. 70. &2. 31. 20. 10. 6. 3. 2.
to * 68. 90. 37. 22. 14. 7. 4. 2. 1.
20 * 4. 32. 24. 14. Q. 1. 3. 1. 1.
30 * 32. 24. 1A. 1n. 7. 3. 2, 1. 1.
4i * 23. 17. 13. 8. 5. 2. 1. 1. 0.

69 l* 1f. 14. tO. 6. 4. 2. 1. 1. 0.
90 * 17. 12. Q. 5. 49 2. 1. 0, 0.

tOO 0 * 5. 3. 3. 2. 1. 1. 0. 0. 0.
TO 10 * 3. 2. 2. 1. i. 0. O. 0. 0.

180 2n * 2. 2. 1. 1. 0. 0. 0. 0. 0.
30 * 2. 1. 1. 1. 0. 0. 0. 0. 0.
4) * 1. 1. 1. 0. 0. 0. 0. 0 O.
6L). . . 0. n. 0. 0. 0, 0.

go * 0. 0. 0, 0. 0,

210/070
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I
I

iS , * TOTAL IOrbnSPHERIC ARSORPTIOtl LOS, (DECIIELS)
0 A T A *oto; I, 4 ' ' ',s; * I4 4. ,i * ,414 . ,: .t*f I

L. Uj G ti * AVERAGF 6IjNcPOT tIMFR (P12) 210.
A G 'I r.. ELFCT ,")rj GYRO-FRE0'IEIjCY (,AHZ) 1.120
q L A L * TOTAL GEOMAGIETIC FIELD (GA1fSS) 0. 1400

E L F * * I' 4 4 4 1 * .4 4 f1 44 # 1 4 1 .

* SIGUAL FREI)JFIJCY (MHz)
(M)FG) (OFG)* 2.on 3.011 4.0') 6.0 m.0n!) 12.00 16.00 2",.O 0 32.00

0 0 * 349. 217. IQ). 117. 77. 40. 24. 11. 7.
10 * 214(4. 1A4. 1.38. H3. '). 28. 17. 8. 5.
20 * 161. tlu. fi. 94. 3'i. 1M. 11. "). 3.
30 * 117. 8(. 65. 34. 26. 13. H. 4. 2.
i* * 85. 63. 47. 28. 1 E4. I0 ( . 3. 2.
6- * 67. &0. 37. 2',. 15. H. 5. 2. 1.
9f n 61. 4). 34. 20. 13. 7. ,i, 2. 1.

*4 - 4 4 * 2 1'4 . t*'4 11 7 17. .: 44 k. k

20 0 *327. 24e". 181. 110. 72. 37. 22. 11. 6.
10 * 234. 173. 130. 78. 51. 27. 16. 8. ".

20 * 151. 112. 84. 51. 3.. 17. 10. 5. 5.

30 * 110. 81. 61. 37. 2.. 12. 8. 4. 2.
4, * 80. 9Q. Wi . 27. 1. 9. L. 3. 2.

61 * 63. 47. 35. 21. 14. 7. 4. 2. 1.
0 * 97. 42. 32. to. 13. 7. 4. 2. 1.

40 0 * 268. 1 P8. 14A. 40. Y4. 30. i. q. 5.
10 * 12. 142. 106. h4. 42. 2. 13. 6. 4.

20 * 124. 91. 69. 141. -7. 14;. 8. U. 2.
30 * 90. hb. 50. 30. 20. 10. 6. 3. 2.
1'* * 65. 4 . 36. 22. 14. 7. 4. 2. 1.
65) * L2. 38. 2q. 17. 11. 6. 4. 2. 1.
'40 * 47. 35. 26. 1t. 10. '. 3. 2. 1.

I 4 * -* '* 4 1 t I4* 1 * 1 j 4;) 4 4'14 1 , 44 * 4 I 6 # * * 1 0*4t*

)0 n * 181 . 1 34 . 100) . 0o. 4n . 2 1. 12. 6. 3.

10 * 12q. q6. 72. 43. 2. 15. 9. 4. 2.
20 * k3. 62. 46. 28. 1H. 9. 6. 3. 2.
30 * h1. 45. 34. 20. 13. 7. 4. 2. 1.

4€5 * 4:,. 3"5. 24. 15, 10. 5. 3. 1. Is

65 * 35. 2b. 19. 12. 8. 4. 2. 1 i
t40 * 32. 23. 1H. 11. 7. 4. 2. 1. 1.

*I+ti 1 .4*, 4 1 4 *4 1 4 4 * f 4 4 4 1 4 * * * t 4 f #*#t 4*444 444$4

M0 0 * 84. 62. 46. 2M. 1H. 10. 6. 3. 2.
10 * 60. 44. 3,5. 20. 13. 7. 4. 2. 1.

20 * 39. 29. 21. 13. 8. 4. 3. 1. 1.
30 * 28. 21. 16. 9. 6. 3. 2. 1. 1.
45 * 20. 15. 11. 7, 4. 2. 1. 1. 0.
65 * 16. 12. q. 5. 4. 2s 1. to 0.
40 1 2. 1. H. 5. 3. 0. 1. 0. 0.
4*0 - 40 1~ - 4I # I € : 9 f 4 $ 1 t#4f41 4¢ i 1 * 1 0 4L + f V 4: 6 * # $ 4,* r f 4 0 1 * f 0 0 4e€J

I10 (I ) 4. 3. 2. 1, 1,0 0. n, 0. 0

TO in 3. 2. 2. 1. is 0. 0. 0. 0.

H0 30 * 2 1. 1. 1. 0. 0. 0. 0. 0.
30 * . 1. 1. 0. 0. 0. 0. 0. 0.4 L) * 1 . I1. 1 . 0. 0. 06 0. Do 0,
5 * 1. 1. 0. 0. 0. 0. 0. 0. 0.

(40 * 1. 1. 0j 0. 0. 0. 0. 0. 0.

I210/112
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S S * TOTAL IOtJOSPHERIC ARSOPPTIOIJ LO;(, (DECIRELS)
0 A I A *4 4 t t + t t I i I t f 04 f 4 ! 4 t 4 , s + * f #4 * ft4 #

L 14 C * AVERAGE SUiSPOT tJI)MRER (R12) 210.
A G N G * ELECTROtl GYRO-FREFUFPICY (MHZ) 1.400
Q L A L * TOTAL GEOMAGNIETIC FIELD (GAIJSS) O.50n

F L F *4, 4 4 .4, 4t 44 f4+4f44 4 44f4401 * 4 i,4 4

* SIGNAL FREQJE1CY (MHZ)
(nEG) (DFG)* 2.On 3.0,) 4.0) 6.011 8.0f) 12.0,1, 6.01 24.01) 32.0n

n n * 320. 237. 17. 109. 73. 38. 23. 11. 7.
t0 * 229. 170. 128. 7A. 52. 27. 17. 8. 9.
20 * II8. 10q. 83. 50. 33. 18. Il. 5. 3.
30 * 107. 79. 60. 37. 24. 13. 8. 4. 2.
4&) * 78. 5m. 44. 27. 1. k4. . 3. 2.

69 * 62. 46. 34. 21. 14. 7. 4. 2. 1.
'441 * 56. 42. 31. 1q. 13. 7. 4. 2. 1.

444 t '4 4. 4 1114 1 41 +f 9 !I4 , 4 'I 14 44 4 # ; 4.44#4411 4 * fq

2n 0 * 301. ?23. 1hH. 103. 68. 36. 2,4. 10. 6.
t1 4 215. 19. 120. 74. 4q. 2h. 16. 8. 4.
20 * 13'. 103. 78. 47. 31. 16. 10. 5. 3.
10 * 101. '5. 56. 34. 23. 12. 7. 4. 2.
4'i * 73. 54. 41. 25. 17. q. 5. 3. 1.
65 * 5A. 43. 32. 20. t3. 7. 4. 2. 1.
Ql) * 53. 39. 2q. 18. 12. 1. 4. 2. 1.

40 0 * 246. 1H2. 13H. 84. 56. 23. 1A. 9. 5.
10 * 176. 130. 38. h0. 40. 21. 13. 6. 4.

20 * 113. 84. 63. 3Q. 26. 13. 8. 4. 2.
30 4 H. 61. 46. 28. 19. 10. 6. 3. 2.

49 * 60. 4". 34. 21. 14. 7. . 2. 1.
65 * 47. 36. 26. 16. 11. h6 1. 2. 1.
9n 43. 32. 24. 15. 10. L. 3. 2. 1.

60 0 $ I6. 12). 93. 97. 38. 20. 12. 6. 3.
In * l1'. 84. 6,. 41. 27. 14. 9. 4. 2.
20 * 71. 57. 43. 26. 17. 9. 6. 3. 2.
30 * 56. 41. 31. 19. 13. 7. 4. 2. 1.
45 * 40. 30. 53. 14. 9. 5. 3. 1. 1.
69 * 32. 24. 18. 11. 7, I. 2. 1. 1.

90 * 29. 2.' 16. 10. 7. 3. 2. 1. 1.

0n n * 77. 57. 43. 26. 17. 9. 6. 3. 2.

10 * 9'. 41. 31. 19. 12. 7. 4. 2. 1.
20 * 3 o ph. 20, 12. 8. 4. 3. 1. 1.
30 * 26. 19. 14. 9, 6. 3. 2. 1. 1.
4i * 19. 14, 11. 6. 4. 2. 1. 1. 1 .
65 * 15. I. 8. 5. 3. 2. 1. 1. 0.
90 * 13. 10. 8. 5. 3. 2. 1. O ii.

*~~~~ 6* 4 4 4 f t 4 , 4 4 4 4 4f 4 f 4 # I - 44 4 4 4 f f t t* 4 0 4 4 + 1 4 4 # 4 C 4 * 4 444 44

Inn 0* 4. 3. P, 1. 1. 0. 0. . 0.
TO 10 3. 2. 2. 1. 1. 0. n. 0. 0.

180 20 * 2. 1. 1. 1. 0. 0. 0. 0. 0).
304 1. 1. 1. 0. 0. O. 0. o. n.
494 1. 1. 1. 0. 0. 0. 0. 0 n. n
f5i* 1. 1. 0. 0. 0. 0. O 0. 0.
90 * 1. 0. 0. 0. 0. 0. 0. 0. 0.
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€I
I

I g , TOTAl 1Or.JOPHFRIC AfiSORPTTOIM LOS' (DECTRELS)

')IA I A t44..*.4 4::4*4 4f. 4 4 t4 1 4 4 1 k f f f f f t*

t '4 G I AVEPAGE" SIrJSPOT fIIfM13EP (012) 210.
A G $ ELECTROUI GYRO-FRE0'IEjCY (MHZ) I.20

L A L TOTAL GFOMAGNETIC FIELD (GA1fS}c) Oh5OIF L F * 44...',f4f,',4,'4#444kf4I*1, 4 4 1 f t 44 $4 4 " tf#f
* 'IG1JAL FRE0'JEIUCY (MH?)

iDEs;) fDFG) P. :J1 3.00 4.0o 6.0i) 8.00) 12.00 16.00 24.0 32.01)

0 0) * ?M'. !10. ho. 10'1. 67. 36. 22. it. 6.
10 * 201. In.1 11 . 71. 4A. 2h. 1h. 8. .
20 * 130. 97. 74. '.6. 31 . 17. 10. 5. 3.
41 * '4. 70. 9. 3. 23. q2. 7. . 2.

W) * &4. (40 . 1. 1Q. 13. 1 4 . 2, 1.
Lqf) * 49. )7. ?H. 17. 12. 6. 4. P. 1.

444 f . 4f94 . 4 4 14 f44 4 4 444 4 4f4 4144b6 4 14 f &4+ 4 4 * 4 4 . ** ;

20 2 64 1. Q7. 1 0. (44. 63. 34. 21.. 10. 6.
1 * HJ. 141. 108. 67. Oi. 24. 1). 7. 4.
20 * 122'. (4l. 6Q. 43. 2q. 16. 10. 5. 3.

30 * 8q. 6r. 10. 31. 21. 11. 7. 3. 2.
45 * 69. 4A. 37. 23. 19. 8. 5. 2. 1.
69 * 51. 38. 29. I. 12. 6. 4. 2. 1.
40 * 46. 3. 26. 16. 11. 6. 4. 2. 1.1 19 .9f 4 0 4 0 +4 f4 f4444 *44 44 4*$4 4 44,41 4 06164, 6 f 4 4 t f #44.

4n 0 * 216. 161. 123. 77. 92. 28. 17. 8. 9.

10 * 191. 116. W, . 55. 37. 20. 12. 6. 4.
20 * 10'. 74 . 97. 39. 24. 13. 8. 4. 2.
30 73. 54. 41. 26. 17. 9. 6. 3. 2.

49 * 93. 39. 30. 19. 13. 7. 4. 2. 1.

65 * 42. 31. 24. 19. 10. 5. 3. 2. 1.
90 * 3A. 28. 2.e. 13. 9. 5. 3. 1. 1.

*4 4 44 4911 ,4 4 4 4 4 4 4 4 4 4 1 k 4 4 4 4 4 -44. #*444+ft *t +44 I. f ~4
60 (I * 146. 10q. m3. 52. 35. 1q. 12. 6. 3.

10 * 109. 7m. 50. 37. 25. 13. 8 4. 2.
20 * 67. 50. 38. 24. 16. 9. 5. 3. 2.
30 * 49. 37. 28. 17. 12. 6. 4. 2. 1.
45 * 36a 27. 20. 13. Q. 9i 3. 1. 1.

65 * 28. 21. 16. 10. 7. 4. 2. 1. 1.
90 * 26. 19. 15. Q. 6. 3. 2. 1. 1.

*444 4 q4 1 4 + # * * 444t 4 * f! f* * c 1 4 94 4 4 6 1 t I * 4 4.44 44 44 4 4 #f 0 4 0 4 144 # 4.

80 0 * 68. 91. 39. 24. 16. 9. 5. 3. 2.

i0 * 48. 36. 28. 17. 12. 6. 4. 2. 1.
20 * 31. 23. 18. 1l 7. 4. 2. 1. 1.
30 * 23. 17. 13. 8. 5. 3. 2. 1. 1.
49 * 17. 12. 9. 6. 4. 2. 1. 1. 0.
65 * 13, 10. 7. 5. 3. 2. 1. 1. 0.
90 * 12. 9. 7. 4. 3. 2. 1. 0. 0.

100 0 * 3. 3. 2. 1. 1. 0. 0. 0.
TO 10 * 2. 2. 1. 1. 1. o. O. 0. 0.

180 21) * 2 1. 1. i 0. 0. 0. 0. 0.
30 * 1. 1. 1. 0. 0. 0. 0. 0. 0.
49 * 1. 1. 0. 0. 0 . . . 0. 0.
6S * 16 0. O. 0. 0. 0. 0. 0. 0.
4N * 1. 0 . 0. 0. 0. o. 0. 0. 0.
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S S * TOTAL IOHOSPHERIC ARSORPTIOM LOS' (DECIBELS)
0 A I A + 4 4 Il 4 4 4 1 1 1I' 4 I 4 4 444 1111tii#fIif 414 4 t0** *4 A4 44 t

L IJ r I , AVERAGE SUNSPOT t4LJMIER (R12) 240.
A G ri 6 * ELICTRON GYRO-FREQUEtICY (AHZ) 0.70f
R L A L * TOTAL GEOMAGNETIC FIELD (GAIJS%) 0.290

F L E 4, 4 1 14 41 4 0 Of 4 44 t4 4 4 44,4414 44 41 1 # 1

* SIG'IAL FREQUENiCY (MHZ)
(DEG) (UFG)* 2.00 3.N0 4.01 6.0( 8.00 12.01 t6.0) 24.00 32.01

* 4 1 1 t' I I 4 4 a 4 1 1 1 0 : ; 4 41 4 1 0 t 4 4 4 4 4 f t 4 I * I I t t * i 4 4 t I 1 4 4 4 4

0 r) * 421. 310o. 231. 137. 88. 45. 27. 13. 7.
In * 3nl. 2 ,,. 165. Q8. 63. 32. IQ. 9. 5.
20 * 1'44. 1 43. 107. hi . 41. 21. 12. 6. 3.
30 4 14. 104. 77. 46. 30. 15. 9. 4. 2.
4' * 103. 76. 96. A.1 2.-'. 1I 1 7. 3. 2.
65 * 81. 60. 4' . 26. 17. q. 5. 2. 1.
40 4 74. i4. 40. 2,4. 11. H. t. 2. 1.

20 n * 3Q9. 2Ul, 217. 128. 83. 42. 2!. 12. 7.
10 293. 20q. 19'). '2. Sq. 3n. 18. R. 9.
2f • 12. 134. 100. Ljw. 3H. 1Q. 12. 5. 3,
30 * 131. q8. 73. 4.3. 28. la, 8. 4. 2.
4- 0 96. 71. S3. 31. 20. 10. b. 3. 2.
69 * 76. 56. 42. 25. 16. 8. 5. 2. 1.
o() * 6%4. 91 38. 211. 15. 7. 4. 2. 1.

*,44 ; 4 44 14 * : 4 # 4 4 0 +4444 I kI fI '4f4t* #14 t 441
40 n * 323. 239. 17/. 105. 6H. 34. 20. 10. -.

lo * 231. 171. 127. 79. 49, 2S. 1. 7. 4.
20 * 14Q. 1)0. 82. 48. 31. 16. u. 4. 3.
3n * 108. 80. 59. 36. 23. 12. 7. 3. 2.
49 * 7Q. 58. 43. 26. 17. H. 9. 2. 1.
6& * 6?. 4h. 34. 20. 13. 7. 4. 2. 1.
',0 * l7. 42. 31. 18. 12. . 4. 2. 1.

*444 44, 0'tl4 t4 4t # 4 1+ 4 4,4 4''4 4 4 .44 I 4**l * 1 1

60 * 218. 161. 120. 71. 46. 23. 14. 7. 4.

1! * ln. 7(4. 5&. 31. 21. 11. 6. 3. 2.
3) * 71. 74. 40. 24. 15. 8. . 2. 1.
4' * 53. )Q. 29. 17. 11. 6. 3. 2. 1.
66 * 42. 31. 23. 14. q. 4. 3. 1. 1.
90 * 38. 28. 21. 12. A. 4. 2. 1. 1.

*444.44:'l44.444.4.l*$444,l444lilll44.*44.4,44.44l.4sI4*.4,~

MO (I * 101. 79. h6. 3s. 21. It. 6. 3. 2.
10 * 72. S3. 40. 24. 15. 8. 5. 2. 1.
20 * 47. 34. 26. 15. 10. 9. 3. 1. 1.
30 * 34. 25. 1Q. 11. 7. 4. 2. 1. 1.
45 * 29. 18. 14. 8. 9. 3. 2. 1. 0.
65 * lQ. 14. 11. 6. 4. 2. 1. 14 0.
O0 * 18. 13. 10. 6. 4. 2. 1. 1. 0.

*44 14441444. i 4l tt44t41t4*444 $4444 O! 444*444*44*44444144 $4444 41

lo 0 * 6. 4. 3. 2. I, I . 0. 0. n.
TO 10 * ti. 3. 2. 16 1. 0. 0. 0. 0.
180 20 * 2. 2. 1. 10 0. 0. 0. 0. 0.

30 * 2. 1. 1. 1. o. 0. 0. 0. 0.
49 * 1. 1 1. 0. 0. 0. 0. 0. 0. o"
69 * 1 1. 1. 0. 0. 0. 0. 0. 0.
90 * 1. 1. 0. 0. 0. 0. 00 0. n.
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, C; TOTAL 1OriOSPHFPIC ABSORPTIOli L.OY' (DECItiELS)

r) A I A *fit 4t).4I 1,4

I tj G tI * AVERAGE SUSPOT 1)I.JMFIER (R12) 240.
A G rj G ELECTROri GYRO-FREQUEfACY (MHZ) 1.120
P L A L * TOTAL GEOMAGrIETIC FIELD (GAUSS) 0.403

E L F *4il€;IIII #- fll 4f,44I4) l$i444,44j l44 l44 44,
'

(IGNJAt FPFtJFljCY (MHZ)
Cr(FG) (nF(.* 2.O1 3.011 4.(0 6.00 r.0) 12.0') 16.00 24.00) 32.0'

0 1) 170. 273. 2n. 124. H1. 42. 25. 12. 7.
10 * 261. 106. 147. M9. 5H. 30. 1. 9. 5.

I 2n * 171. L26. 95. 57. 38. 19. 12. 6. 3.

30 * 124. 32. 6 . 42. 27, 14. 9. 4. 2.
45 * 40. 37. 0o. 30. 20. 10. 6. 3. 2.
6-) 71. Li3. 40. 24. 16. Ft. 'i. 2. 1.
O0n 61i. 48. 36. 2. 14. 7. 4. 2. 1.

20 n * 3Th. 2L7. IQ3. 1)6. 76. 39. 2 . iI. 7.
10 2 4 Q . 194. 13H. H3 . 28. 17, A. 1).

I20 * 161. 11,4. FAQ. 114 , 35. 1 f , 1]. 5 , 3o

30 117. H . Wi. 39. 26. 13. 8. 4. 2.
4) * H5. 63. 47. 28. 19. 10. 6. 3. 2.
65 * 67. 4P. 37. 22. 15. H. 5. 2. 1.
U () , 61. 45. 34. 20. 13. 7. 4. 2. 1.

aO n 285. 210. 198. 95. 63. 32. 20. 9. 5.

10n * 204. 17(). 113. 68. 45. 23. 14. 7. 4.

2'9 * 131, W9. 73. 14. 29. 15. q. 4. 3.
3() * 45. 70. 53. 32. 21. 11. 7. 3. 2.
4'- * 6q. 91. 38. 23. iS. M. 5. 2. 1.
65 * 9'. 40. 30. 1A. 12. 6. 4o. 2. 1.
o * 50. 37. 28. 17. 11. 6. 3. 2. 1.

60 0 * 1q2. 142. 107. 64. 42. 22. 13. 6. 4.
in * 13M. 102. 76. 4h. 30. 16. 9. 5. 3.

2n * 89. 65. 49. 50. 19. 10. 6. 3. 2.
30 * 64. 468. 36. 22,. 14. 7. 4. 2. 1.
45 * 47. 35. 26. 16. 10. 5. 3. 2. 1.
hs * 37. 27. 21. 12. 8. 4. 3, 1. 1.
)() * 34. 25. 1 . 11. 7. 4. 2. 1. 1.

80 o * 8q. 6t,. 49. 30. 20. 10. 6. 3. 2.
1n * 64. 47. 35. 21. 114. 7. 4. 2. 1.
20 * 41. 30. 23. 14. 9. 5. 3. 1. 1.
30 * 30. 2e. 17. 10. 7. 3. 2. 1. 1.
'1 * 2". 16. 12. 7. 5. 2. 1. 1. 0.
6) * 17. 13, 10. 6. 4o. 2. 1. 1. 0.
O * 16. 12. 9. 5. 3. 2. 1. I. 0.

* 4 4) ~ 4 4 4 f44 4f4 ** 44 t4 r4 4 4 4 4 4, 4 4 f4 4 # 4 , $ 44* 4 14 44

100 n 4. 3. 2. 1. 1. 1. 0. 0. 0.
TO 10 * 3. 2. 2. 1. 1. 0. 0. 0. n.
180 20 * 2. 2o i. 1. 0. 0. 0. 0. .

30 * 1. 1. 1. 0. 0. 0. 0. 0. 0.
45 1. 1. 1. 0. 0. 0. 0. 0. 0.
65 * 1. i. 0. 0. 0. 0. 0. 0. no
90 * I 1. 0. 0. n. 0. 0. 0, 0.
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S S * TOTAL IOWiOSPHFPIC ARISOPTIWO LOS, (DECIIRLS)
r) A I A 444 4 4 94 , 1 4 444 *,.441 t f6tI-64

I tj G i* AVERAGE SunjSIPOT 'JIIMRER (R12) 240.
A G tj G FLICTROIO GYPO-FREQijElCY (UHZ) 1.400
R L A I * TOTAL GEOMAGtJFTTC FTFLl (GAIJ59) 0.500

E' t F *44. 9 4 4 ! 9. * 9 , 9 44 4 , 9 4,4 4 fto44

*Sl(ThAL PRE0HIIFCY (mHZ)
( ;F;) (D)FG)* 2.0,1 3.01) 4 .1) 6.0) M.0 12.0)1 16.n' 24.1)() 32.(1)

0 0 * 340. 292. lgn. 1 )6. 7,. 40. 29. 12. 7.
10 * 243. 180. 136. 83. 9 . 2 . 18. R. ).
20 n 197. 116. 88. 94. 3h. IQ. 11. 9. 3.
30 n 114. 814. 4 . 3r. 2 . 14. H. 4. 2.
4'1 * 83. 61. 4 . 2H. 19. 10. 6. 3. 2.

i * 6. 48. 37. 2. 1 H. 8. 9. 2. 1.
4n f in. 4". 3. . 20. 14. 7. 4. 2. 1.

20 0 * 310 . 237. 17g. 109. 72. 38. 23. 1 1. 7.
10 4 299. 169. 128. 78. 52. 27. 17. 8. 9.
20 * 17. 109. 82. 90. 35. 1k. 1! • * 3.
30 4107. 79. 60. 37. 24. 13. '. 4. 2.
1- • 78 . 9H. 44. 27. 18. 4. . 3. 2.
hh * 61. 46. 34. 21. 14. 7. 4. 2. 1.
(aN * 96 41. 31. 1Q. 13. 7. 4. 2. 1.

43 0 * hi. 1 94 . 54 . 3. 29. 31. . . .
inl * IH7. 138. 105. 64g. 42. 2"?. 14. 7. 4.

20 * 121. 3). 67. 41. 27. 14. Q. 4. 2.
3n * Ht . 64. 4q. 3. 20. In. 3. 3. 2.
60 * W 17. 47. 3 . '. 6.. 14. 1. 13 . 2. 1.
S1 * 12n. 37. 2. 17. IQ, 6. 4. 2. 3.
20 * , 80. 2,. 16. 18. 10. 3. 2. 1

6n n 1 7f- . 1 31 . k 60 0. 14! 21 . 13 . . , 4 .
1 n 16. U'l. 71. 435.13. 7. 4. 2. 3.
2n * 31. 29n. 4h . 2. 8. 40. 2. 3. 2.
'0 * 19. 21. 317. 20. 13. 7. . 2. 1.
4O L) 4.3. 62. 246 28. 19. 1, 6. 2 1 .
10 * 34. 23. 1. . 13. 7. 2. . 1.
Qn 31. 23. 17. 1 1 . 7. l. 2. 1. l

Ro 0 PP . 1~l 46 . ?Ho 1q. I1o. 6. 3. 2,
IN *) Sm. 43. 3, . 20. 13,, 7. 4.. 2. 1.

20 * 3m. 29. 21. 13. Q. 14. 3. 1, 1.
30 * 27. 20. 15. 9. ,. 3. 2. 1. 1.
45 * 20. 1 . i1. 7. 5. 2. 1. 1. 0.
65 * 16. 12. 9. 9. 4. 2. 1, 1. 0,
qr) 14. 11. 8. 9. 3. 2. 1. I. 0.

4 4 9 4 f 4 ( 4 f ,4 4 0 4 4 0 , # 944 # 4 # #9 # 99 4 9 4 # 1 4 * 4 4 , * #

100 0 * 4. 3. 2. 1o 1. 0. 0. n. 0.
TO in0 3. 2. 2. 1. 1. 0. 0. 0. 0.

1g0 20 * 2. 1. 1. 1. 0. 0. 0. 0. 0.
30 * I. n. . 0. 0. 0. 0. O. 0.
494* 1. 1, 0. 0. 0. 0. 0. 0. .
6, * 1. 1. 0. 0. 0. 0. 0. 0. 0.

I04 1. 1. . 0. 0. 0. 0. O. 0.
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SS * TOTAl IOP IOSPHERIC ARSORPTION LOSY (OECIRELS)
0 OA I A '4 4 , ,4 4 4 44 444 14 44 +f 4 1f 4 f144 4 14 *44444'4f 44 44 $4 **** 4 6
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F L E *** 4. #* 0~' *.*.. 4144 +4 44 +44t4*4 1 14+4 4
* ;IGjAL FRE9'JErCY (MHZ)

(rFG) (DE;)* P.0') 3.00 4.- 0) .00 .0 12.00 16.01' 24.C 32.0

0 n) * 2C)u. 22 . 170. 106. 71. 38. 24. 11. 7.

In * 214. 160. 122. 76. 51. 27. 17. A. 5.
20 * 13H. 103. 70. 4Q. 33. 18. 11. 5. 3.
30 * 101). 75. )7. 36. 24. 13. A. 4. 2.
45 * 7N 6, 4 . 42. 26. 17. 4. 6. 3. 2.

( 0 * 281. 210. 160. 10). 67. 37. 24. 11. 6.

10 * 201. 150. 1t4. 71. 48. 26. 16. 8. 5.3 20 * 130. 97. 74. 46. 31. 17. 10. 5. 3.
30 * Q4 70. 54. 33. 22. 12. 7. 4. 2.
45 i 69. 51. 39. 24. 16. (4. 5. 3. 2.
65 * 94. 40. 31. 1). 13. 7. 4. 2. 1.

. 17. 12. 6. 4. 2. 1.

40 0 * 230. 172. 131. 81. 5Y. 20. 18. 4. 5.

10 ' 165. 123. 94. 58. 39. 21. 13. 6. 4.
20 * 106. 79. 60. 3A. 25. 14. H. 4. 2.
'in * 77 57. 4(t. 27. 18. 10. b. 3. 2.
40 * 46. 32. 32. 20. 13. 7. 3. 2. 1.

60 65 * , 33, 25. 16. 37. 20. 3. 2. 1.
o0 * 40. 30. 23. 1. 2n, 1. 3. 2. 1.

60 20 1 72. 1!6. A. 59. 37. 20. 12. 6 2.
30 * 11. A3. 3. 8. 26. 7. 9. 2. 3.
2n * 72. 53. 1. 25. 17. 9. . 3o 2.
30 * 32. 39. 30. 1 . 12. 7. 4. 2. 1.
4L * 27. 20. 2. 13. 6. 5. 3. 1. 1.h) * 30. 22. 17. 11. 7. 4. 2, to 1.

(40 * 27. 20. 19. 10. 6. 3. 2. is 1.

A0 0 * 72. 54. 41. 2. 17. Q. 6. 3. 2.
10 * 91. 38. 20. 18. 12, 7. 4. 2. 1.
20 * 3,5. 25. 19. 12. 8. 4. 3. 1. 1.
30 * 24. 18. 14. q. 6. 3. 2. 1. 1.
49 * I. 13. 10. 6. 4. 2. 1. 1. 0.
65 * 14. 10. A. 5. 3. 2. 1. 1. 0.

40 * 13. 9. 7. 4. 3. 2. 1. 0. 0.
'* I4 4 t444 4 444444444' *4*44* 4 4 4 4 4 44 *#444$ 4*04444f* I * 4 * **4 * k444*4

100 0 * 4. 3. 2. 1. 1. 0. 0. 0. 0.
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S4 * 1. 1. 0. 0. 0. 0. 0. 0. 0.
6 * 1. 1. 0. 0. 0. 0. 0. 0. 0.
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2.6 REFERENCES FOR SKY WAVE MECHANISMS

1. Radio Ray Propagation in the Ionosphere

John M. Kelso
McGraw-Hill, New York, 1964

2. Radio Waves in the Ionosphere

K. G. Budden

Cambridge, University Press, 1961

3. The Magneto-Ionic Theory and Its Applications to the Ionosphere

J. A. Ratcliffe

Cambridge, University Press, 1959

4. Ionospheric Radio Waves

Kenneth Davies

Blaisdell, Waltham, Massachusetts, 1969

5. Principles of Optics, 3rd Edition

M. Born and E. Wolf
Pergamon Press, 1965

6. Sun, Earth and Radio

JT. A. Ratcliffe

World University Library Series (Paperback)
McGraw-Hill, 1970

This is a broad-brush treatment of the material by one of the
acknowledged masters of the subject. Though the presentation

is non-mathematical, the insight and experiene of the author allow

a treatment which is highly lucid and far from superficial.

7. Physics of the Upper Atmosphere

.1. A. Ratcliffe (Ed.)
Academic Press, New York, 1960
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8. Physics of the Earth's Upper Atmosphere

C. 0. Hines, I. Paghis, T. R. Hartz, and J. A. Fejer (Eds.)

Prentice-Hall, Englewood Cliffs, NJ, 1965

9. C.C. I. R. Atlas of Ionospheric Characteristics

I Report 340-1, Geneva, 1967/1971
C.C.I.R. of the
International Telecommunications Union

Geneva, Switzerland, 1967/1971

10. Ionospheric Radio Propagation

Kenneth Davis
Monograph 80, 1 April 1965

National Bureau of Standards, U.S. Department of Commerce
U.S. Government Printing Office, Washington, DC, 1965

I This monograph is a progenitor of Reference 4. Reference 4 pro-
vides a better theoretical treatment of propagation mechanics, but

this refer-ence is of value for the synoptic data on geophysical

phenomena which it contains.

11. C.C.I.R. Interim Method for Estimating Sky-Wave Field Strength

and Transmission Loss at Frequencies Between the Approximate
Limits of 2 and 0 Mtlz

I Report 252-2. New Delhi, 1970
C.(. 1. R. of the

* International Teleconmiunications Union

Gcneva, Switzerland, 1970

12. "Inte rnational Geomagnetic Reference Field 1975,1" Transactions
Anierican Geophysical Union, Vol. 57, No. 3, March 1976, pp. 120-121.

I
Tht specific references cited above, especially [1-4, 6-8] offer

* amnple and cxct llent biblioilraphical resources. Through them, access
to the source, literature in the field can be gained.
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In this chapter the properties of the ground wave as a signal delivery

mechanism will be developed and displayed. The objective, as in the case of
the sky wave, is to elucidate principles by which the transmission loss asso-
ciated with this mode of signal delivery can be estimated.

* To serve as an intermediate stage in the estimation of transmission

loss, the concept of propagation loss is introduced. The working definition

i of propagation loss used in this chapter (Section 3. 3) differs from, but is
equivalent to, the formal definition given in Chapter 1.0 (Section 1. 2). Fore-

warned, the reader should experience no real difficulty in reconciling the

I two.

There is included at the end of the chapter an atlas of propagation
loss data for the ground wave. It is specialized for parameter values

expected in a marine environment.

1
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I
I
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3. 1 DEFINITION OF GROUND WAVE

The term "ground wave" denotes an electromagnetic wave propa-
gated in the close neighborhood of the surface of the earth. It is assumed

to originate from a source also in the immediate vicinity of the surface

of the earth. The configuration of the wave is intimately related to the

physical properties of the earth and of the lower atmosphere, as well as

to the character and geometrical disposition of the source of the wave.

One way to approach the problem of defining the ground wave is

to specify mechanisms excluded from its propagation- -definition by

exception. Not included are the normal, or anomalous, geometrical

optical mechanisms involving the ionosphere as a medium. Also excluded
are the iono-scatter and tropo-scatter mechanisms of propagation which

depend on turbulence of the medium.:: The ground wave, then, is that

electromagnetic wave originating at a source in the immediate vicinity"*

of the surface of the earth, and propagated in the close neighborhood of
the surface of the earth under control of mechanisms involving the

physical and geometrical properties of the earth and of the non-turbulent

lower atmosphere.

It is not intended to imply by this definition that the wave therein

denoted does not extend to regions remote from the surface of the earth.

Clearly it may. However, the character of the wave tends to lose its

dependence on the details of interaction with the earth and lower atmosp!ere

by the time it has reached more remote regions. Behavior of the w.

becomes much simplified in the remote regions. Thus, confining Lt,,
'ground wave" to a region in the close neighborhood of the surface Uo

of the earth more nearly reflects a restriction of attention to that region

than it does a physical confinement of the wave thereto.

:::These mechanisms have been largely ignore- in this treatment. While

they have legitimate areas of application, they a.'e not of significant value

for jamming in the HF range of frequencies. Their transmission loss in

that frequency range is too high for them to merit consideration in other

than very exceptional circumstances. They form a category of mechanisms

best treated separately from both the sky wave and the ground wave categories.

::::::Terms like "close neighborhood" and "immediate vicinity" clearly impose

no precisely quantitative boundary to the region in question and, indeed,

there is no intent to do so. They really mean "close enough that the pre-

sence of the earth is a significant factor. " Generally this condition will

be true for path terminal heights in the range less than 10 kilometers,

unless the two terminals are too close together.
-6
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Description of the ground wave, though straightforward in concept,

is very complex in its full detail. Because of the complexity, it is common
practice to attempt to break the most general case down into a set of sub-
cases, in each member of which one propagation mechanism or another is
dominant. The ground wave is then thought of as an aggregation* of sub-
waves, each of which is described in terms of one of the mechanisms.

The approach leaves some nagging doubts in the mind because the
component waves may not, strictly speaking, separately satisfy Maxwell's
equations and the physical boundary conditions. Thus, they are in some
sense mathematical fictions. The individual mechanisms may represent
dependent pieces of a total solution, or alternative representations of a
partial or total solution. A single mechanism can stand alone only by
virtue of a set of circumstances which causes it to dominate. This situation
is in contrast to, say, modes in a waveguide in which case the modes are
separately complete solutions, which may or may not co-exist. Neverthe-
less, the approach does lead to computational techniques which are reasonably
tractable, which correctly exhibit most of the observed phenomena and
which afford accuracy adequate for most purposes.I

The ground wave propagation mechanisms fall easily into two cate-
gories: a) those which can be cescribed in terms of the principles of geo-
metrical optics, and b) those which require description in terms of physical
optics or full wave principles. in Figure 3-1, these mechanisms are illus-
trated in terms of four regimes which are differentiated by the locations of
the path terminals relative to each other and relative to the surface of the
ea rth.
e r The regime numbered "I" in the figure comprises two ray paths,**
a "direct' ray and a 'ground reflected" ray. It is differentiated by the fact

:But not necessarily a simple sum.

T ::The terms "ray path" and "wave path"--or, in some cases, just "path"--
are used to denote a route between path terminals. The meaning of "ray path"
(or just ''ray'') should be fairly clear. It is, simply, the ray trajectory of

* geometrical optics. The meaning of "wave path" may be less evident because
it is used when geometrical optical principles fail. It is defined to be the
geodesic curve connecting path terminals. The time of transit of a signal

* between terminals is related to the length of the "wave path. " Additional
significance can be attached to it with the aid of the discipline called "geo-
metrical theory of diffraction. " In this discussion "wave path" is used
simply to designate a route that cannot be called a ray.
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I
that the path terminal points are "high"* above the earth and "close" to
each other. The point is that the path terminals are well within sight of
each other along the direct ray path and that the direct ray path does not
come too close to, or 'graze," the surface of the earth. In calling the two
routes "ray paths" the implication is clearly that geometrical optical
principles are applicable to the description of propagation under this
regime. In fact, this regime comprises the geometrical optical category.

The regime numbered "2" is differentiated by the fact that the path
terminas are "low,"'* but not too "distant" from each other. This regime
is associated with a plane earth surface wave mechanism. It falls into the
physical optical, or full wave, category, but does admit the simplifications

i attendant on the plane earth approximation.

The regime numbered "3" in Figure 3-1 is an elaboration of the first
It differs from the first in the fact that the wave path lies so close to the
horizon line that ray principles begin to fail and diffraction effects are
important. This regime also belongs to the physical optical, or full wave,
category.

The regime numbered "4" is an elaboration of the second, differing
from the latter in the fact that the distance between path terminals is too
great to neglect the spherical shape of the surface of the earth. It too falls
in the physical optical, or full wave, category.

Note that each of the four regimes is characterized by some sort of
simplifying or limiting situation in the disposition of the path terminals.

i Each of the regimes requires a different method of calculation, appropriate
to the particular kind of simplicity or limit involved. It is evident that the
boundaries separating the regimes are not sharp and distinct. Their location
is a matter of degree. The locations are, moreover, dependent on the values
of the variables (to be discussed shortly) specifying physical (or geophysical)
properties of the earth and atmosphere. The category into which a given
situation falls is determined by tests on the distinguishing variables. To
a degree, the boundaries established by the tests are arbitrary, but they
have been set to avoid the occurrence of excessive error in application of
any of the calculation methods. An appropriate set of categorizing parameter
tests is, then, an essential element of the computer program by means of
which loss data are calculated.

I "High" and 'low, " "close" and "distant" are here indefinite measures
which, when expressed quanitatively, ought to be stated in wavelength units.

I - Not necessarily at tht. surface of the earth.
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3.2 VARIABLE QUANTITIES

Like the sky wave, the ground wave is a function of a goodly number
of variables. These variables classify neatly into three categories:

1. Variables specifying geophysical' properties along the
wave path.

2. Variables specifying disposition of the path terminals.

3. Variables specifying essential properties of the source of
the electromagnetic wave.

The members of each category will be enumerated and discussed in turn.

3. 2.1 Geophysical Property Variables

In Figure 3-2 the surface of the earth is shown as the boundary between
two media, 'earth" and 'atmosphere, " in which an electromagnetic wave
may propagate. Consider the earth medium first. As suggested in the

figure, the properties of the earLh can be characterized by two quantities,

the permittivity, :::: ( , and the conductivity, a.

For frequencies within the HF range, the permittivity of earth
materials, as a function of material type, varies over a range from about

5 to about 81. For sea water, the value of c is confined to the top few units

:::The term "geophysical" here connotes the "physical" properties- -specifi-

cally, the electrical properties--of earth and atmosphere constituents.

:-"Throughout this chapter use of the symbol E differs, in part, from the
practice followed in Chapter 2.0. In the MKSA rationalized system of units,

the permittivity of a medium, Em , is composed of two factors, the absolute
permittivity of free space, (o (8. 8542 1 10 - 1 2 farads/meter), andthe relative
permittivity of the medium, c (a variable dimensionless numeric). Thus,

Em ( o. As a matter of convenience in discussion, the factor Co =

8. 8542*10-12 farads/meter will be dropped. The term "permittivity"
and the symbol ' (as well as quantitative values associated with them)
henceforth will be construed to signify (and evaluate) the "relative per-

mittivity," a dimensionless numeric.
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of this (relative) permittivity range. Within the HF range, ' the variation
of c with frequency is small and, for our purpose, may be neglected. Vari-
ations with temperature and salinity also are small and may be neglected.
In this document the value 80.0 will be used for the permittivity, E, of sea
water.

The conductivity of earth materials, as a function of material type,
varies over a range from about 0. 005 mho/meter to about 5. 0 mhos/meter.
For "solid' materials, at the low end of the range, the most important
single factor in the variation of conductivity is moisture content. For
water, salinity is the important factor. The conductivity of "fresh" water
is of the order of 0.001 mho/meter; that of sea water lies at the top of
the range. For sea water, conductivity is a function of temperature, T
('Celsius), and of salinity, S (0/oo),'* as illustrated at the top of Figure
3-2.

Information about the geographical and temporal variation of surface
temperature of the ocean areas of the world is given in considerable detail
in one of the references [ 1. Examination of the charts in this reference
leads to the conclusion that -2' C to +30' C is an adequate range for the
surface temperature of sea water for our purpose.

Information about surface salinity can be found in another of the
references 12 1. For this variable, the data are rather more limited than
for temperature. From the data provided in the reference, a range is
derived for surface salinity that extends from 30 0/oo to 40 0/00.

Note that it is the surface values of T and S--within the first few
meters- -which count, rather than the values at great depth. The reason
is that sea water is such a good conductor at frequencies in the HF range
that the wave penetrates only a short distance (depending on the frequency)
below the surface.

In a third reference 31 tables are presented giving conductivity
as a function of temperature and salinity. Within the ranges for T and S
derived above, data in those tables can be represented by the formula

z 1 4.5 8 4 0. 1164 (S-35)0
+ 0. 10 0.0025 (S-35)] (T-18) 3-la

10.00035 + 0. 000011 (S-35)) (T-18)2

Above I or 2 (;liz, the value of, for sea water begins to diminish signi-
ficantly as the frequency increases.

''I h SVTlbol O/oo" denotes 'parts per thousand.
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J or,

r[0. 265 + 0. 0750 s]

+ [0.01376 + 0.002104 S] T 3-1b
+ -0.000035 + 0. 000011S1 T2

where T is in degrees Celsius (centigrade) and S is in parts per thousand
( 0 /oo). Based on this formula, a chart of conductivity contours on a (T, S)
grid has been prepared and is presented in Figure 3-3.

m When the distribution of sea surface temperature and salinity are
correlated, it appears that values of conductivity, a, between 3. 0 and 5. 0

I umhos/meter will cover most of the situations of interest.

As a sidelight, it is interesting to note that the most common method
I3 for determining salinity is to measure conductivity and compute salinity,

compensating for temperature.

I In Figure 3-4, as in Figure 3-2, the surface of the earth is shown as an
inter-medium boundary. In Figure 3-4, in contrast to Figure 3-2, attention is
focused on the atmosphere as a medium. Again, two variables are used to

characterize the relevant properties of the medium. They are derived from
the refractive index, n (a dimensionless numeric), of the atmosphere. The
refractive index of the atmosphere differs only a little from unity. However,

3 it is the difference which counts. Thus, it is convenient to subtract unity from
the refractive index and multiply the (positive) remainder by 106 to scale it
to a convenient numerical range. This modification gives the refractivity,IN.

The quantities n and N are functions of the height, h (meters), above
the surface of the earth. The symbol N s signifies the value of N at the surface

of the earth (not necessarily sea level). The symbol N o signifies the value of
N at sea level, or the value of N s "reduced to sea level" by an appropriate
rule. Since this discussion is concerned with propagation over sea water,
the relevant values of No and N s are equal. The surface refractivity (Ns
No) is the first of the variables to be used for specifying properties of the

I atmosphere.

The second atmospheric property variable is the average gradient of
refractivity measured over the first kilometer of height, tANl/Ah (Ah 7I kin).
At the bottom of Figure 3-4 the relation between n and N, a possible mode of
variation with height and the significance of IN/Ah are illustrated. In this
example N s - N o = 350, nN/Ah - -50 and the decrease of N with height is
exponential (similar to that of a "standard atmosphere"). In an actual atmo-
sphere the shape of the N(h) curve near the bottom (h 0) can differ signifi-

I cantly from that shown in the illustration.

: In some places kilometers, where noted.

I 253

.. ... . . . .. ... .. .- -J---i--- - _... . . . .... .. . ... .. ..



IOD

44

0

.4j

Nu

0

00

40 0

2

0 0
E 

u

U

£00

0

Now-



I0
Iz

N > 0

t* 00 0

Ir 00 4

-DI

0 0-I

0 I-LU -0-

In 4 -04

W ZC
U-w

cz r- 0 U-

(

U) W

II m

I 00II

25



In a pragmatic sense it turns out that the variables Ns and AN/Ah
are not entirely independent. From empirical studies of the climatology
of refractivity, a relationship between them has been found that can be
represented by a rather simple functional statement [4, 51.

N/.,h 1: -7. 32 exp (0. 005577 N s )
3-2

(Ph - 1 km)

['he "bar" over ",N and Ns in the above expression signifies that these values
are means- -specifically, monthly means averaged over six to eight years
from 45 locations. With this statement, an estimate of AN/Ah can be made,
given the value of Ns. ieveral such pairs of values are listed in the first two
columns of Table 3-1.

::The geographical range of validity of this expression seems not to be firmly
established. The relationship appears to vary somewhat with climate. The
expression given above (Equation 3-2) represents data acquired in the continental
United States. Though the form of the expression appears to be satisfactory
for several geographic regions from which data are available, the values of
the constants obtained for other regions differ from those for the United
States. For example:

a. in Germany, the following expression has been found ( 101.

.N/Ah q. 30 exp (0. 004565 Ns)

(Ah - I ki)

b. For data acquired in the British Isles [ 11], the following is

a possible representation.

,-.'- h -3. 65 exp (0. 0074 Ns)

(320, N,,< 350, .-h = I km)

For values of Ns between 300 and 400, the divergence among
the valuies of .,N/Ah yielded by the three expressions is not catastrophically

2reat, as can be seen by plotting the three on a semi-log grid. Begging the
avalability of data from a more widespread selection of regions, and considering

lthe day- t(-day variability in any region (remember; the above expressions
involv,. iniWthly neans of N, and -N/Ah), it seems not unreasonable to use
thet. xpr.i-,ion L'iven in the lext. It is, of course, possible to use currently
flea!U;rel values (,f ---N '--h when appr,)priate data are available.

A :eed is indihated for additional research on the correlation
,,t A. il and \,. spcia llv to r ti - ma ritime regions.
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I Table 3-1. Relationship between Ns and a.

I .'S-N/Ah dn/dh I Comment

240 -27. 91 -27. 91 10-  .216

260 -31.21 -31.21 ::  10- 1.248

280 -34. 89 -34. 89::z 10-  1. 286

WO0 -31) 01 -3). 01 10- ' 1. 331 Close to 4/3

320 -43.61 -43. 61 10- '  1. 385

340 -48. 75 -48. 75 10- 1. 450

355 -73.01 -53. 01 10-  1. 510 Close to 3/2

360 -54. 51 -54. 51 10-) 1. 532

380 -60. 914 -60. 94 :10 -  1. 634

400 -68. 13 -68. 13 10-' 1. 767 Close to 7/4

Contour charts agiving values of N o on a worldwide range are presented
in two of the references 1 4, 51. Charts are given for two seasonal periods,
winter (February and summer (August). An examination of these charts
leads to the observation that, for ocean areas, the value of No = NDs varies
from 300 to 400. With the aid of Fable 3-1 (or Equation 3-2) corresponding

values of .\N/Ah can be estimated.

It will be useful, at this point, to define another variable, the 'earth

radius factor," , and to relate it to .-\N/-Xh. Though the name, "earth radius

factor," may suggest that i has somethiniZ to do with earth properties, it
really is introduced as an aid in accounting for the refractive properties of

i the atmosphere.

In standard mathematics texts (calculus) the local 'radius of curvature,'

i'. of a curve is defined to be the reciprocal of the magnitude of the "curvature

vector, " C. If the radius of the earth is denoted by a, then the curve which is
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the intersection with the surface of the earth of a plane through the center
of the earth has a radius of curvature p = a. The curvature, C, of the
curve has the magnitude C 1 I/p = I/a. These relationships are shown
at the left in Figure 3-5.

Assume, as suggested at the upper center of Figure 3-5, that the

refractive index f the atmosphere is a function only of height above the
surface of the earth, i. e., n - n(h). An atmosphere satisfying this condit'on
is said to be 'spherically stratified. " This is the ' normal" condition of
the undisturbed atmosphere. In some treatises on ray optics, it is shown
that ray paths in a spherically stratified medium are plane curves having
a radius of curvature given by'::

n
(dn/dh cosii 3-3

and, hence, a curvature given by

I dn 3
C I dh cos 3  3-4

n dh

For the choice ot positive sense of the curvature vector on which Equations
3-3 and 3-4 are based, positive values of p and C imply concavity of the ray
path toward the center of the earth. The value of dn/dh is expected to be
negative in a normal atmosphere, yielding a positive value of ray curvature.

I hese relationships are shown at the right in I igure 3-5. The angle, j3,
is defined icenter of Figure 3-5) as the angle between the local ray direction
and the local horizontal direction (which is perpendicular to the local radial
di re t ,ion!.

it the ray direction is nearly "horizontal" along its path, the height

of the rav above the surface of the earth depends on the difference in curvature,
.5C, between the ray path and the surface of the earth. If this difference is

zero, then a ray traveling horizontally at. the surface at one point will remain
at the surfa. Suppose that from both the curvature of the ray path and the
curvature of the surface of the earth an amount equal to the curvature of theray
path is subtracted. [he effect is to straighten the curvature of the ray path and

to reduce the curvature of the surface of the earth, without markedly disturbing
the sepa ration of ray path and earth. Straight ray paths are characteristic

I ,r examT1ple: \la < Born and Emil Wolf, Principles of Optics, Third (Revised)
Edition. P'erzanmn Press, l' ,5; Section . 1. 4, p. 1 1". lhe desired relation-

ships (al be derived from E"quati on (14) by appropriate specialization, if due
are is pexer( ised in defininL4 the positive sense of the curvature vector.

.2 , 8
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of homogeneous (non-stratified) media Thus the effect of atmospheric
refractivity can be accounted for, at least approximately, in the ground
wave case by an adjustment of the curvature of the surface of the earth.

Quantitatively, subtraction of the ray curvature from the surface
curvature modifies the surface curvature to an "effective' value, C e .

I 1 dn
Ce G - - (- n aTj cos3) 3-5

From the effective curvature, Ce, an effective radius for the surface of
the earth, ae, can be defined.

Ce 1+ 1 _n cos 3-6

ae a n dh

It is convenient to define from this expression the earth radius factor,

ae -1

a I + (a/n)(dn/dh) cos 3

If, now, the value of AN/Ah is associated with dn/dh as follows.

(P-N/-1h) ::10 -  dn/dh (refractive index units/meter) 3-8

then a value of ae/a can be found as a function of N s . This relationship
is given numerically in columns I and 4 of Table I and graphically in Figure
3-6.

Since, for the ocean areas, N s = N o lies between 300 and 400, the
earth radius factor for propagation over sea water will lie between 1. 331
and 1. 767, insofar as Equation 3-?. is valid. Note that the commonly quoted

value, 4/3, lies at the bottom of this range. It appears that, for ocean
areas, the value 3/2 for the earth radius factor might be more nearly
appropriate than 4/3.

In computations of ground wave propagation it is a, rather than
N s  N o and AN/&h, which is used directly. It is evident that the use of
%, derived in the manner outlined above, implies the imposition of a
restrictive model for the refractivity of the atmosphere. That model is
one in which the gradient of refractive index is a constant (i. e., not
dependent on height) and is quantitatively equal to AN/,h ': 10 - " . With this
model, the refractivity of the atmosphere is constrainee to decrease
linearly with height above the surface. The model is realistic, on the
ave rage, only in the immediate vicinity of the surface of the earth,
perhaps within the first 2 or 3 kilometers.
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'Fo recapitulate, the variables in the geophysical property group are

earth permittivity, earth conductivity, atmosphere surface refractivity and

atmosphere refractivity gradient at the surface. In contrast to the sky wave,
the geophysical variables affecting the ground wave have relatively stable
values as functions of time. The range of variation is limited and the effects

on wave propagation are ones of limited degree rather than of gross kind.
In this treatment, we shall require that the variables exhibit the property

of homogeneity along the wave path. The so-called 'mixed path"* problem

will not be treated. A limited form of nonhomogeneity transverse to the

path will be permitted in the case of atmospheric refractivity. Values for

the variables appropriate to wave propagation over sea water have been

delineated and, in the computations, the ranges of the variables will be

confined to such values.

3. 2. 2 Path Terminal Disposition Variables

The disposition of the path terminals is specified by the three quan-

tities illustrated in Figure 3-7. One variable is the ground range, or distance,

between the points on the surface of the earth directly 'below" the terminal

points. The other two variables are the heights above the surface of the

earth at which the two path terminals are located.

Ground range was assigned the role of primary independent variable

in the computations. Two sets of loss data, as a function of range, were

computed. For the first, the maximum range was restricted to 90 km to

give good curve readability at the shorter ranges. For the second, the range

was extended until the computed loss exceeded 200 dB in order to determine

the greatest useful range in each case.

If the path terminals are both assumed to be on board ships, then

the range of possible terminal heights is quite restricted. To limit the

volume of computation which had to be done and to allow greater opportunity

for exploration of the effects of other variables, a single value--l5. 0 meters

-- was assigned to both of the terminal height variables. This value ought to

be satisfactory for most HF antennas installed on board ships except, perhaps,
when calculating fields at closest distances, generally at distances shorter

than the range of principal interest for the purpose of this document.

3. 2. 3 Source Property Variables

The source of the electromagnetic wave--the ground wave--is assumed

to be an elemental dipole with its axis radially (vertically) oriented. Three

A "mixed path' can be exemplified by one which has one terminal on land and

the other at sea, a significant portion of the path traversing each medium.
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variables are required to specify the essential properties of the source,
the wave frequency, the dipole type and the source strength.

Five values of wave frequency, spanning the HF band, were selected
for loss computations. They were 2. 0, 4. 0, 8. 0, 16. 0 and 32. 0 MHz.

Two dipole types are permitted in the computations. If an electric

dipole is specified, the associated electromagnetic field will be "vertically"
polarized. If a magnetic dipole is specified, the associated wave will be
'horizontally" polarized.

The third variable is the strength of the source. To make the
computation procedure tractable, the source strength must be specified

in ternis of dipole moment. The details of the problems surrounding

specification of source strength will be treated at length in Section 3. 3.
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3. 3 PROPAGATION LOSS CONCEPTSI
The concept of "transmission loss" was exercised in connection

3 with the sky wave case. It was a useful concept because it approximated
I oa, the value of which was needed for engineering and operational uses.
The nature of the approximation was known and the value of the defect*
could be estimated when necessary. In any event, the defect generally
was a small part of the entire quantity.

In the sky wave case, transmission loss was a convenient concept
because it was amenable to quantitative evaluation both by physical and
mathematical procedures. The mathematical procedure had particular
convenience because of the possibility of breaking it up into six separable
pieces, two associated, respectively, with properties of the two terminal
devices and the other four associated with the mechanisms of wave propa-

I gation between path terminals.

The transmission loss concept is equally useful in connection with
I the ground wave case. However, it is there less convenient for quantitative

evaluation, especially by mathematical procedures. The reason is that the
mathematical procedure does not fall apart into pieces as convenient to

If evaluate or use as those in the sky wave case. If only measured, rather
than calculated, loss values were to be considered the same loss defini-
tion -- that of transmission loss -- would serve equally well for both

I ground wave and sky wave cases.

For the ground wave case it will be expedient to define an alternate
I loss concept which will be called "propagation loss."x** Propagation loss

differs from transmission loss principally in the handling of antenna gain
concepts. The latter subject will be accorded some specific attention, sub-3 sequently, with the intent of showing how propagation loss values can be
modified to approximate transmission loss.

*The "defect" in the approximation is just the dissipative losses in the
transmitting termal device (antenna system), e.g., I'tt.

I :::Don't worry too much about the exact literal meanings of the names
assigned to the two loss concepts. In some senses they would seem to
possess more logic and be more truly descriptive of the respective con-
cepts if interchanged. It seems better, at this point, to bow to history
than to stand on principle, if for no reason other than to avoid confusion
in perusal of the literature on the subject.I
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The situation is illustrated in Figure 3-8fora special case, the short-

range flat-earth regime. The path terminal symbols, I and 2, represent

dipoles (electric or magnetic) with their axes radially* oriented, located at
different heights above the surface of the earth. The symbols ' and 2'
below the surface of the earth represent image dipoles, which are appro-
priate to this special case.

The problem of quantitative evaluation of propagation loss by mathe-
matical procedures tends to be computation bound. The limits are set not
so much by what is possible as by what is affordable. Some compromises
are necessary to keep the computational work within reasonable bounds.
In the discussions which follows, every effort will be made to lay open to
view the areas of compromise so that judgment can be rendered about the
consequences thereof in applications of the computed data to specific situa-
ti-)ns.

3. 3. 1 Definition of Propagation Loss

The concept of "propagation loss" which is to be used in connection
with the ground wave is very similar to that of 'transmission loss" which
was used in connection with the sky wave. It is, however, not identical.
The differences have rather subtle consequences which need to be examined
carefully.

Propagation loss, rpn, is defined as the ratio of the total power

radiated. Pt,d, from the transmitter (source) located at one path terminal
to the powcr available, Pr,d, from the receiver (sink) located at the other
path terminal. The terminal devices are defined to be lossless elemental
(i. e. , small) dipoles of the same kind (either electric or magnetic). The

dipole axes are oriented radially. The situation is suggested in Figures 3-7
and 3-8. Thus,

pn Pt,d Pr,d 3-9

If the corresponding quantities in decibel form are used, this expression
becomes

pn t,d Pr,d 3-10

:By 'radially,' it is meant that the dipole axis passes through the center

of the earth. The term 'vertically" also would be appropriate.
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The difference between this definition of propagation loss and the
previously stated definition of transmission loss lies in the specific res-

triction of the terminal devices to elemental dipoles. The definition of
transmission loss allowed a greater degree of genera. ity. However,
the definition of propagation loss of itself involves no conceptual cornpro-
lis es.

Acceptance of a modified loss definition for the ground wave is
forced on us by the solutions to the ground wave problem which are avail-
able for use. The alternate loss definition is not without problems of its
own. Though conceptually straight forward, in practice difficulty arises
in attempting to calculate the two power levels on which the definition is
based. The reasons will become evident as the discussion proceeds.

2. 3. 2 Calculation of Electromagnetic Fields

The fundamental problem in electromagnetics on which the treatment
of ground wave transmission is based is calculation of the electric and
magnetic fieldis in the neighborhood of the surface of the earth, which fields
arise fro- an electric or magnetic dipole, also in the neighborhood of the
surface of the earth and having its dipole axis oriented radially thereto.
The strength of the fields is directly proportional to the strength of the
dipole source, which is specified (implicitly, if not explicitly) in terms of
its dipole moment. This task of calculation may be considered the basic
ground wave problem.

Excellent solutions to this basic problem are available in the litera-
ture [7, 8, 9]. While the solutions in most general form involve no
significant conceptual compromise, some of the specializations are infinite
in form. For computational purposes, these must be bounded, leading to

numerical approximations. Carefully done, little need be lost in the process
of numerical evaluation. The loss in accuracy involved should not be a matter
for concern in the applications which this document is intended to address.

The solution to the basic problem is complex and the computation of
field strength is exacting and tedious. The intrusion into the problem by
the earth as a third party produces much more profound effects on the
ground wave than it does on the sky wave. In the sky wave case, the earth
is involved only in the wave launching and retrieval processes and not in
the propagation process, except as it dictates the spherical geometry of
the region in which the action takes place. In the ground wave case, the
wave is intimately involved with the earth throughout the entire process

from launch to retrieval.
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The differences between the two cases arise, principally, because
geometrical optical (ray) theory generally fails in the ground wave case.*
The delineation of power density flux tubes of small cross section con-
necting the path terminal regions is not generally justifiable. Hence, it is
not possible to express the effects of propagation mechanisms in terms of
power density flux values influent and effluent at the ends of flux tubes.
The fields generated by the source in the presence of the earth generally

*I lack (in regions near the earth) essential properties which characterize
Sthe ordinary far field of an antenna. 4c* Hence, the use of path terminal

device properties such as antenna gain is less easily, if at all, justifiable.

To state the case in another manner, though the path terminals may
be sufficiently distant from each other for each ordinarily to be considered

i in the far field of the other, neither may be sufficiently distant from the
surface of the earth to be considered in its far field as a scatterer. The
conceptual consequences of this state of affairs are profound. Some of
them will be examined in the next three subsections.

3. 3. 3 Application of Reciprocity Principles

I The transmission system under discussion is linear in source dipole
moment (excitation) and in electric and magnetic field strength (response).
The truth of this statement does not depend on the values of the geophysical

property variables. These variables are assumed to be (and, in practice,
are) independent of the strength of the electrical excitation and response

I quantities. The reciprocity principle is, therefore, applicable.

By invoking the reciprocity principle in the form of an appropriate
theorem, it can 1 c established that the field produced at one path terminal
point by a dipole of given moment at the other path terminal is independent

*A possible exception occurs in the case of regime number 1 discussed
in Section 3. 1 and used as an illustration in Figure 3-8. If the dipoles in

Figure 3-7 are high enough above the surface of the earth and close enough
together that the 'surface wave" component of the field can be neglected,
then ray principles may be applicable. The situation might then be
handled in a manner similar to the multimode sky wave if the effects of
the presence of the ground on the path terminal devices are properly
accounted for.

S*::For example, the surface wave component of the field, which predomi-
nates in regimes number 2 and 4 of Figure 3-1, does not have an in erse
square dimunition of power density with distance.

I
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of which of tt,, terminals is designated "transmitter." This statement holds

even though the terminal disposition is not symmetrical, as suggested by

Figure 3-8inwhich terminal Z is at a greater height than is terminal 1.

It follows that the power loss in transmission between I and 2 has

the same value for transmission in either direction.

The radiation resistance of an elemental dipole above earth is known

to depend on its height above the surface of the earth. Thus, for a dipole

source of given fixed moment, the power radiated will vary as a function

of its height. The power radiated from a dipole of fixed moment will not,

in general, be the same if the dipole is located at position 2 as it would

if located at position 1 (Figure 3-8).

Since the power loss must have the same value for either direction

of transmission, the absorption aperture of the dipole designated "receiver"

al,;o will not, in cneral, be the same for both directions of transmission.
It too will vary with height above the surface of the earth. As a matter of

fact, equality of power loss in the two directions requires only that (G 1 and

G) art, radiation gains and A 1 and A 2 are absorption apertures at, res-

pcctively, path terminals I and 2)

G A GA 3-11a

A A
3-11b

This relation says, simply, that it is the product of radiative and absorptive

properties at. respectively, the two path terminals which must be independent
)f the. direction of transmission.

Thus. while the receiprocity principle provides assurance that a

calculated loss value Ought not to depend on the direction of transmission
over the path. it does not give assurance that the radiative and absorptive
processes individually will be the same for both directions of transmission.

This ambiguity cngenders difficulties which will be discussed in subsection 3. 3.4.

:This second form of the condition should not be too surprising since, for any
antcnna, the, gain, G. and absorption aperture. A, have the following relation-
,ship. .

A \ 14,-)G 4 or A/ /4-,
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3. 3.4 Evaluation of Radiated andAvailable Power

An essential concommitant of the procedure for computing field

strength is specification of the strength of the source by its dipole moment.

This constraint is inherent in the nature of the basic problem. For system
engineering or operational purposes, specification of source strength in
terms of power radiated would be more convenient. Furthermore, the
definition of propagation loss involves the power radiated rather than the
dipole moment. If we propose to calculate propagation loss directly from
the definition, then the power radiated by the source must be calculated.

It is therefore necessary to establish a relationship between power

radiated and dipole moment. The difficulty with which we are faced is that,

for a given dipole moment, the power radiated depends on the type of dipole
involved and on its height above the surface of the earth. Thus, it is not
possible to specify correctly such a relationship independently of terminal

type and disposition.

It is possible to calculate the power radiated from a dipole of spe-
cified type and dipole niomcnt, situated at a specified height above the sur-
face of the earth. The first step in the calculation is to evaluate, using
solutions t,. the basic problem, the field strength at a sufficiently large
number of points on a closed surface which encloses the source. The
second step is to integrate over the closed surface the time-averaged nor-
meal componen' the poynting vector, which vector is derived from the

calculated f t. 'aluc s.

Thu3, calculation of the radiated power involves, firstly, a large

number o f iterations of the same procedure by means of which the field
at the receiving terninal is to be calculated. It involves, secondly, a
large nunmerical double integration. The result is the relationship betweenfradiated power and dipole moment for a single combination of dipole type
and disposition. The absorptivc properties of a receiving dipole liaving
the sane type and disposition could be derived from the radiative properties.

The conputational task just outlined, though possible, is formidable.

It is at this point that one of the conceptual compromises is called for.

There are two situations in which the power radiated by an electric
dipole of specified moment can easily be determined as a function of
dipole moment only. The first of these is when the dipole is at the sur-
face of the earth, which is assumed to be plane, and when the value of
earth condulctivity, (. is made infinite. 'I he second is when the height

above the. -uirfact, is so great that the dipole can be considered to be in
free spa(,.
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The power radiated from an elemental electric dipole placed at the

surface of the earth (plane, perfectly conducting) can be derived from the

exprCssion for its radiation resistance. RE (AL denotes the elemental

length of the dipole).

RE * 1 0 L' 3-12
RE = 60,-r '

The power. P, radiated when the dipole excitation current is I (rnis) is

givtn by the expression
)

S- , t00TrI -2  3-13

Solving for the dipole moment (IAL) in terms of the power gives

(N ,-' P 3-14

4-r 10

ft is this situation (dipole at the surface) and this relationship

Equation 3-14) which has been used to specify the dipole moment in terms

of the 'power radiated. " The same expression will be used without regard

to actual dipole he ght in any specific case. This configuration and rela-

tionship may be called the "reference transmitter" for the calculation of

power loss.

If th' saLnc electri dipole* is removed to a point distant from t1,

earth, i. t.. , into Crtc space,, then 'he expression for the radiation rc., -

tance. R E . b cone s

R ' 80

hc power. P', radiated bccomne :

[, ha t i t sIt n , e f thet 111011. tit



AD-Aurg 491 SOUTHWEST RESEARCH INST SAN ANTONIO TX F/G 17/4

DELINEATION OF CONSTRAINTS IMPOSED BY PROPAGATION FACTORS AT HF--ETC(U)

APR 76 E C HAYDEN N0OO39-75-C-048L

UNCLASSIFIED NL

NEEL



Before proceeding to calculation of magnetic dipole moment in
terms of power radiated, it will be convenient to digress a bit to derive
the condition for equal radiation of power from an electric and a magnetic
dipole in free space. The magnetic dipole is envisioned as a closed ring
of current of strength I (rms) about the edge of an elemental surface of
area AA. The magnetic dipole moment is specified by IAA. If 0 denotes
angle measured with respect to dipole axis and r denotes radial distance
from dipole center, then the amplitudes of the far fields of an electric
dipole are

I = 6 0r (IAL) sin e 3-17a
0 r-I

H = (IAL) sin 0 3-17b

Similarly, the amplitudes of the far fields of a magnetic dipole are

He0 = 2*T (IAA) s in 03-18a
X 2Xr

H = 6 ( 6 A) sin 0 3-18bI A Xr

Thus, excepting the factor 2w/A, the corresponding fields of the electric
and magnetic dipoles are given by the same expressions, but are orthogonal
in polarization. For equal fields, the dipole moments ought to bear the
following relationship

2W (IA) = (IAL) 3-19a

I or (IAA) = (IAL) 3-19b
27

Since, in both cases, the electric and magnetic fields are everywhere
in phase and orthogonal, the amplitude of the poynting vector will everywhere
be, simply, EeH4 or E4HO as the case may be. The direction will every-
where be radial. The power radiated will, therefore, be the same in both
cases if the dipole moments satisfy Equation 3-19.

2
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Returning from the digression and using the result derived therein,
it is now possible to specify the moment of a magnetic dipole which will be
the "equivalent" of the previously specified electric dipole. From Equations
3-14 and 3-19.

(Iz&A) = (A(AL) =-X 2 JT 3-202 r 8 T2  4

The magnetic and electric dipoles so defined are equivalent in the sense
that in free space they will radiate the same amount of power, namely P/2.

To digress again very briefly, it is possible to parlay this result
into an expression for the value of a radiation resistance, R'M, for the
magnetic dipole in free space. Remembering that the power radiated in
this situation really is P' = P/2, Equation 3-20 yields

_P1 P/2 4L
R 2I - I 3207r 2 3-21

This result is in accord with that obtained by other methods.

If the magnetic dipole source defined above (Equation 3-20) is placed
at the surface (plane, perfectly conducting) trouble ensues. One view of
the situation is that the source is exactly cancelled by its image. In any
event, the radiation resistance is zero; no power is radiated.* Clearly,
in this situation electric/magnetic dipole equivalence does not hold.

At this point, it is useful to recapitulate. In order to avoid a
formidable computational task, a convention has been established by which
source dipole moment (electric or magnetic) is specified as a function of a
power level, P. The convention is defined in terms of a special case,
namely, an electric dipole at the surface (plane, perfectly conducting).

*If the conductivity of the earth is finite, the source is not totally cancelled;
power is radiated, the amount depending on the conductivity value.
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This configuration is called the "reference transmitter"* and the power
radiated in the reference situation is to be used as the value of Pt,d in
the definition of propagation loss (Equation 3-9).

IHowever, the value of Pt, d is known to be in error in situations other
than the reference situation. Two other discrete points on the error function
are known. When the dipole (electric or magnetic) is sufficiently high above
the earth, the power actually radiated is one-half of the reference value.
If the dipole is of the magnetic type and is at the surface, the power radiated
tends to zero as the conductivity becomes larger.

Most of the transition between the value of power radiated with the
dipole at the surface and the value with the dipole distant from the surface
takes place within about the first 0. 35X above the surface for the electric
dipole and 0. 25A above the surface for the magnetic dipole. Above these
heights, the power radiated oscillates about the final (free space) value in
a manner decreasing with height. The transition is essentially complete
at a dipole height of 3A or 4A.

I The value of dipole moment, given as a function of power radiated,
in the convention just defined has been used as the source strength in calcu-
lating the electromagnetic field at the receiving path terminal point. It is
useful to know -- as a landmark case -- the value of electric field, E, which
would be produced at the surface (plane, perfectly conducting) at a distance,
D, from the reference radiator (in the expression Emv/m is in millivolts/
meter, Pkw is in kilowatts and Dkm is in kilometers).

Emv/m - 300 ,J-k /Dk 3-22

I *The convention used in this document agrees with that used by Brermier [91.
Some authors and agencies have used other definitions of the reference trans-
mitter. In reading the literature one must be aware of this hazard. One
such agerncy is the C. C. I. R. of the International Telecommunications Union.
This agency has used dipole moment and power radiated in the free space
situation to define the reference transmitter. Furthermore, the calculated
field strength (propagation loss is not given) has been multiplied by the
factor 1. 047 to simulate a A/2 dipole, rather than an elemental dipole,
transmitter. This factor is the square root of the ratio of gains of the X/2
and elemental dipoles referred to isotropic, i. e.,

F60/36. '1 / 2  [ :6438l 1/2

1.5] = E1/2 = [1.0959] = 1.047
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The field in free space of a dipole source of the same moment, measured
in the equatorical plane (0 = 90 0), would be (the primed quantities denote
actual "in free space" counterparts of the unprimed "at the surface"
value s)

E'mvjm= 150' '/Dkm 3-23

= 150 /Okm

= 212 1*wT /Dkm

in which P/2 = P' is the power actually radiated in the free space situation.*

To complete the calculation of propagation loss, it is yet necessary
to calculate the power available from the dipole at the receiving path ter-
minal. The power available, Pr, is the product of the absorption aperture,
A, of the terminal device and the incident power density flux, S.

2 E2
P =AS= A - A E 3-24

r in 120

*Under the C. C. I. R. definition of reference radiator described in a previous
footnote, this expression would become

nV/in ck cm
For the same dipole removed to the surface, the field, E, would be

EmV/m = 44 P -/D
CCIR k k

444 \/kw/2 /Dkm

= 314 Pkw/Dkm

For the same radiated power, the C. C. I. R. reference transmitter will yield j
field strength values which are 3. 41 dB higher than those yielded by the refer-
ence transmitter defined in this document. Of this, 3. 01 dB is a consequence
of the 2:1 relationship of P to P' and 0. 40 dB is due to the factor 1. 047 used
by C. C. I. R. to simulate a X/2 dipole.
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As has previously been noted, the absorption cross section of the dipole is
a function of its type and height above the surface. The problem is closely
related to that of calculating power radiated by the source.

Again, a conceptual compromise is indicated. The convention which
has been adopted for use in this document is the counterpart of the one
adopted for the reference transmitter. The absorption aperture to be used
for specifying power available at the receiving path terminal in terms of
the field strength at that terminal is that of an electric dipole receiver at
the surface (plane, perfectly conducting).

Adi =(3/2) (2) (A 2/4 ) = 3A 2/47 3-25

I This expression defines the "reference receiver." This value of Ad, i will
be used for converting field strength at the receiver to available power,
regardless of the actual receiving terminal disposition in any specific case.
The expression defining this conversion is found by inserting the value
of Ad, i from Equation 3-25 into Equation 3-24.

I 2 3X 2  E2  _ X2E2

Pr, d - Ad, iE /120W !-*-E _ - 3-264w 120 1607r 2

The actual absorption aperture of a dipole, electric or magnetic, in
free space is

AI =(3/2)(A/4w) = 3X /8. 3-27

That of a magnetic dipole at the surface (plane, perfectly conducting) is
zero.

3 It is useful to know the value of propagation loss which would occur
in two landmark cases, both dipoles at the surface and both dipoles in free
space. These cases can serve as examples of application of the principles
which have been ditcussed.

For both (electric) dipoles at the surface, the field strength given
by Equation 3-22 (with proper adjustment of units) can be substituted into
Equation 3-26 to yield

IrX2 (300)2P w , 2 ( 2 Pt,d * 10 3

* 10-6 ( * 10-6
160- 2  D 160w2  D2 * 10- 6I km 3-28
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This expression can be rearranged to yield one for the propagation loss
(Equation 3-9).

SP~t, d / 4D 1 )b 329pnPr, d 3 2 X2Gd, i )

The quantity Gd, i is the gain over isotropic of a dipole in free space and the
quantity Tb is the propagation loss (or transmission loss) between an isotropic
transmitter and receiver in free space. The quantity rb is, in the literature,
commonly called "basic transmission loss. "

For both (electric) dipoles distant from the surface, Equations 3-23
and 3-27 may be combined with Equation 3-24 to yield

2
P' A' iE/ZOT = : * (10 2 ,* 106 3-30

- 2 (150)2 (2) Pd* 10 1
A * 2 , -6 *10-6

320, 2  D 2 * 10 - 6

Rearranging this expression produces one for the loss rpn.*

P2 2 2 / \2

Tr Pt, d _) 1 b 3-31
Pr, d (d

*If the C. C. I. R. reference transmitter discussed in previous footnotes were
complemented with a comparable reference receiver (i. e. a X/2 dipole in free
space) the resulting expression for loss in the free space situation would be

n ICCIR = [1.0959Gd] Tb

The loss thus defined would more properly be called "transmission loss" than
"propagation loss" because the path terminal antenna gains are included. The
loss so defined would be related to that defined in this document as follows

rtn I CCIR 
(2)2

-- -- 2 = 3.33
rpn (1.0959)2

This ratio corresponds to 6.02 - 0.80 = 5.22 dB. The 6.02 dB arises because
of the choice of the free space, rathe," than the surface, situation for reference.
The 0.80 dB arises from the gain excess of the X/2 dipoles'above the elemental
dipoles. 278
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For the rase of the electric dipoles at the surface, the propagation
loss given by Equation 3-29 is both exactly correct and consonant with the
conventions specified for calculation of power radiated from the trans-
mitter and power available from the receiver. In contrast, for the case

oof the dipoles distant from the surfac. , the propagation loss given by
Equation 3-31 is exactly correct but not consonant with the conventions for
the reference transmitter and receiver. For this case it has been possible

I ito calculate correctly the power radiated from the transmitter and avail-
able from the rece.ver. If, in this case, the conventions had been fol-
lowed the second expression (Equation 3-31) would not have differed from

I the first (Equation 3-29). The consequence would have been a value for
the propagation loss, r n which was less than the actual loss rpn by
a factor of 4. 0 (6. 02 dB' .

It is incumbent on the user of the computed propagation loss data
- to make judicious use of knowledge about the nature of these two con-

ceptual compromises in any application of the loss data to specific situa-
-w tions.

I3. 3. 5 Treatment of Antenna Gain

The definition of propagation loss is based on elemental dipole
radiative and absorptive devices. This was done because a tractable
solution was available to the ground wave transmission problem stated
in terms of such devices. In general, path terminal devices will be more

I complex in configuration and performance than an elemental dipole.

In the sky wave problem the added complexity was treated in terms
of a "far field" property, the "e rectivity" or "gain," which was defined
as a function of direction relative to device references. Being a far-field
property, the gain concept is the perfect complement to the geometrical
optical power density flux tube concept of propagation, which was there
applicable. Since the latter is not generally applicable to the ground wave
problem, an alternative treatment, or counterpart, of the gain concept is3 required which is applicable to the ground wave case.

Rigorously speaking, calculation of the field at a path terminal such
as 2 in Figure 3-8, produced by an extended source* in the neighborhood of I
in the same figure, requires that the extended source be represented as a
distribution of elemental dipoles. The linearity property of the system

"That is to say, an antenna or antenna array, in contrast to an elemental
dipole.
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guarantees applicability of the superposition principle. Thus, the total
field at Z can be found as the sum of elemental fields, each of which is
produced by one of the elemental dipoles utilized in the source represen-
tation.

A similar complication exists in calculation of the response of an
extended sink (receiver) in the neighborhood of 2 to the field produced by
a source (extended or not) in the neighborhood of 1.

Thus, the concept of antenna gain becomes inextricably inter-
twined with the concept of propagation mechanism. Rigorously speaking,
the concepts of antenna pattern and, hence, of antenna gain are not gen- -

erally applicable in the case of ground wave transmission. The reason is
that the several components of the ground wave do not all diminish with 4

distance in accord with the inverse square law, even in regions which
might otherwise be considered the far field of the source.

Practically speaking, a judicious retreat can be made from the
rigorous forward position espoused in the preceding few paragraphs. A
third conceptual compromise is indicated at this point. The basis for
retreat can be stated in the following way. If the extended source (or
sink) is sufficiently "compact," then the concept of antenna pattern and
gain may be carefully applied. "Sufficiently compact" means, roughly,
that extension in the radial direction is small enough that the height gain
functions of the dipole source may be considered constant and that exten-
sion in tangential (horizontal) directions is small enough that the surface
wave attenuation functions may be considered constant. These two con-
ditions correspond, roughly, to the far field criteria applied in defining
conventional antenna gain.

For shipboard antenna installations designed for use in the HF band,
the compactness condition generally will be satisfied.

If the compactness condition is satisfied, the extended terminal
device can be replaced by an equivalent elemental dipole for the purpose
of making the propagation loss calculation. The problem, then, is to
define the dipole equivalent heights of the two path terminals and to specify
how the values of power radiated and available should be modified.

For a source extended in height, but sufficiently compact, a weighted
mean height, hwm, can be defined. If the extended source is represented
by a distribution of elemental dipoles, the weighted mean height can be
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defined by the following expression (hi is the height of the ith dipole and Mi
is the dipole moment of the ith dipole).

i hwm 2 Mi = zihiMi  3-32

Rearrangement yields an expression for the desired quantity.

w -ZihiMi
hwm Mi

I
The gains of the transmitting and receiving antennas, Gt d and

Gr, d, respectively, can be used to modify the power radiated and power
available in the definition of propagation loss (Equation 3-9). The result
is an estimate of the transmission loss.

rtn t d/td = rpn(I/Gt, dGr, d) 3-34a
Pr,d *Gr, d

or, in terms of the corresponding quantities in decibel form,

I 'tn = 'Ypn - gt, d - gr,d 3-34b

Note that the gain values in Equations 3-34 must be values referred
to an elemental dipole reference, rather than an istropic reference. These
references differ by a factor of 1. 5 (the gain of an elemental dipole referred
to istropic), which is equivalent to 1.76 dB. It is useful to keep in mind the
fact that the gain of a X/2 dipole relative to an elemental dipole is the factor
1.6438/1. 5000 = 1. 0959, which is equivalent to 0.40 dB.

It yet remains to state rules by which the gain values to be inserted
into Equations 3-34 can be determined from the physical structure and dis-
position of the antennas. The point to keep in mind when formulating the
rules is the fact that the effect of the surface of the earth on the propagation
mechanism already is included in the propagation loss calculation. Two

* cases can be identified.

Case 1. Antenna isolated from (i. e., not connected to) the ground.

I Rule: Determine the gain as if the antenna were in free space.
The gain should be evaluated for a direction lying in a
plane perpendicular to the vertical through the antenna
and along the wave path.
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Case 2. Antenna fed against (i. e., connected to) the ground.

Rule: Supplement the physical antenna by its image structure,
formed as if by a perfectly conducting plane ground
surface. Determine the gain as if the antenna-plus-
image were in free space. The gain should be evaluated
for a direction lying in a plane perpendicular to the vertical
through the antenna and along the wave path.

The procedure for determining the gain can be illustrated with an
elevated half-wave dipole and a quarter-wave monopole fed at the base
against ground. The former is an example of Case 1 and the latter of
Case 2. When the appropriate rules are applied, both examples reduce
to the case of a half-wave dipole in free space. The gain values to be
used in Equations 3-34 are

Gt,d = Grd = 1.6438/1. 5000 = 1. 0959 3-35a

or, in a corresponding expression in decibel form,

gt,d = gr,d = 0.40 dB 3-35b

3. 3.6 Wave and Antenna Polarization

In contrast to the sky wave, there is no significant depolarization
mechanism associated with the ground wave. The media (sea water or
earth, and lower atmosphere) are not birefringent; they do not exhibit
characteristic wave polarizations as does a magneto-plasma. There is,
however, a large disparity between the attenuation rates of vertically and
horizontally polarized field components. This is a consequence of wave
boundary geometry, rather than of medium properties.

In general, a transmitting antenna- -especially one mounted on a
ship--will radiate some power in both (i. e., horizontal and vertical) polari-
zations. Because these polarizations are ortnogonal, and because no signi-
ficant depolarization mechanism is active, the fields propagated in the two
polarizations can be treated separately.

A receiving antenna mounted on a ship is likely to have some response
to incident fields of either polarization. If the field incident on a receiving
antenna has power in both polarizations, the total antenna response can be
found by combining the separate responses to the two orthogonally polarized
components. This possibility is assured by the superposition theorem. How-
ever, because of the stability of the ground wave mechanisms, the combination

28Z
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I
must be done by a deterministic phasor addition procedure, rather than by
a random phasor addition procedure (i. e., by simple addition of the separate
power responses. The phase to use in making the deterministic combination
depends on the polarization characteristic of the antenna for the direction
of the wavefront normal of the incident field and on the relative phases of the
two field components.

I At the transmitting end of a path, judgment must be exercised in
assigning a value to the ratio of the power densities radiated in the two
polarizations. At the receiving end of the .th, corresponding judgment
must be exercised in assigning a value t, .e ratio of the responses to the
two polarizations. If the polarization ch teristic of one or both of the
antennas is not purely vertical or horizo: , the total field power gain value
must be appropriately divided between ti , polarizations. To illustrate
the principle, consider an antenna radia n a specified direction, a
circularly polarized field at a total field j. .ver gain* of 8 (9. 03 dB). If
the field is resolved into two equal orthogonal linearly polarized compo-
nents, the power gain for each component would be half that of the totalJ field power gain, or 4 (6.02 dB).

1
!
1
I
1
1
I
I *Power gain relative to an elemental dipole, Gx, d.
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3.4 ATLAS OF PROPAGATION LOSS CHARTS

In the charts presented at the end of this section, propagation loss

is shown graphically as a function of the principal independent variable,
ground range. A directory to the charts, Table 3-2, will be found imme-

diately before the charts. * The charts are arranged into two groups,

each with two sub-groups. In the first group, the ground range is limited

to 90 km to afford good chart readability for the short ranges at which

signal delivery via ground wave is most likely to be useful. In the second
group, ground range is limited to values for which the propagation loss

does not exceed 200 dB. In each group, the first sub-group is for a
vertically polarized wave and the second for a horizontally polarized

wave.

Certain of the potential variables were held at fixed values, the
same for all charts. The (relative) permittivity of sea water was set at

the value 80. 0. The value 15.0 meters was selected for the heigh' of both

path terminals. This value is representative of the mean height of various

shipboard mounted HF antennas.

The remaining three variables, conductivity (a), earth radius factor
(a) and frequency (f) were used parametrically. This problem organization
is portrayed graphically in Figure 3-9. It applies to each of the four sub-

groups. Each chart in a sub-group (excepting the one entitled "Summary")
corresponds to a pair of values of a and a. On each chart, frequency (f)

is represented parametrically by five individual curves. -* Thus, each
chart corresponds to one of the vertical stacks, or columns, of blocks

portrayed in Figure 3-9.

Calculations were done for all of the nine possible stacks. Examples
of the computer-printed tables prepared from the calculations are given in
Figures 3 -10and 3-11. The tables in Figure 3-10 each represent one curve from

the central combination of a- and a for each of the sub-groups (A and B) of
group I of the charts. Those in Figure 3-11are corresponding examples from
group II. A total of 180 tables, each representing an individual case (curve)
was produced.

When the results were examined, it became clear that the variation

of propagation loss with a- and a, over the sets of values appropriate for

*Table 3-2 is on page 289.

::::Ir a few instances in which the curves fell very close together, the curve

for 4 MHz has been omitted.
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I16 0.3 0 o

IFigure 3-9. Coordinate structure showing values of three variables,

conductivity (a), earth radius factor (a) and frequency
Mf. The five stacks of "boxes" topped by a shaded area

represent combinations of the three variables for which

charts of propagation loss versus ground range are
presented in the chart section.[
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ocean areas, was small enough to obviate the necessity for providing charts

for all possible combinations. Five of the nine possible combinations were

selected for presentation, comprising the four extreme cases and the central

case. These are denoted by the columns topped by shaded areas in Figure 3-9.

The last chart in each sub-group, the one entitled "Summary, " is
included to aid visualization of the total range of variation of propagation

loss with o and a in each of the sub-groups. Curves for the low and high
limits of loss as a function of a and a are given for the lowest and highest
frequencies.

When propagation information is presented in the form of curves for

which distance is the independent variable, there frequently is included a

curve for a special reference case, perhaps a "free space" or "flat earth"

curve. If the propagation data are expressed in terms of field strength,

this is easily done. Equation 3-22 provides a suitable basis for such a curve.
However, when the data are given in terms of loss, the situation is more
complex. Equation 3-29 shows why this is so. The propagation loss, rpn,

given by this expression is a function of frequency (via X) as well as of

distance. Thus, if reference curves of loss were to be plotted, a separate

one would be required for each frequency. If, for any reason, such com-

parisons are desired, data can be generated for any specific situation from

Equation 3-29.
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I

T aTable 3-2. Directory to propagation loss charts.

Case Chart

I I. Short Range (< 90 kin):

A. Vertical Polarization

1. a-= 3.0 1 = 1.331 I-A-1

2. 0 = 3.0 3 = 1. 767 I-A-2

3. ar = 4. 0 i = 1. 510 I-A-3

4. - = 5. 0 a = 1. 331 I-A-4

5. = 5.0 a = 1. 767 I-A-5

6. Summary I-A-6

B. Horizontal Polarization

1. (- = . 0 1 = 1. 331 I-B-I

2. 0 = 3.0 a = 1.767 I-B-Z

3. a- = 4. 0 = 1. 510 I-B-3
4. 0 = 5.0 1 = 1. 331 I-B-4

5. = 5. 0 1 = 1.767 I-B-5

6. Summary I-B-6

j II. Long Range (Loss4< 200 dB):

A. Vertical Polarization

1. o 3.0 1. 331 Il-A-1

2. "=3.0 a= 1.767 II-A-Z

3. 0 = 4.0 = . 510 II-A-3
4. a 5. 0 = 1. 331 II-A-4
5. 0=5.0 0 = 1.767 II-A-5

1 6. Summary II-A-6

B. Hori7,ontal Polarization

1 1. a-= 3.0 = 1.331 II-B-1

2. or = 3.0 c= 1.767 II-B-2

3. or = 4. 0 = 1. 510 II-B-3

4. a = 5.0 1 = 1. 331 II-B-4

5. a- = 5. 0 = 1. 767 li-B-5

1 6. Summary II-B-6
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